Investigation of Neutral Lipid Production in Desmodesmus armatus and Synechocystis sp
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Weston	 Park	 pond	 (Sheffield,	 UK)	 and	 identified,	 using	 different	molecular	markers	
including	18S	rDNA,	ITS1,	ITS2,	and	5.8S	rDNA,	as	Desmosdesmus	armatus.	The	neutral	
lipid	content	(as	the	basis	of	renewable	biodiesel	production)	of	both	D.	armatus	and	
the	 model	 cyanobacterium	 Synechocystis	 sp.	 	 was	 measured	 using	 the	 lipophilic	
fluorescent	dye	Nile	Red.	 	The	two	strains	were	grown	 in	normal	BG11	medium	and	





Further	work	 concentrated	 on	D.	 armatus	and	 the	 Fatty	Acid	Methyl	 Esters	 (FAME)	
conversion	 yield	 was	 examined	 using	 a	 direct	 transesterification	 method	 and	 the	
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(GHG)	 leading	 to	 global	warming	 that	 is	 approaching	 a	 tipping	 point	 (Hansen	et	 al.,	





in	 GHG.	 The	 serious	 concern	 of	 the	 continuous	 rise	 in	 the	 level	 of	 CO2	 in	 the	







et	 al.,	 2007).	 The	distribution	of	 diseases	 like	 diarrhoea	 as	 a	 result	 of	 a	 shortage	of	
































The	 domination	 of	 GHG	 emitting	 fuels	 as	 sources	 of	 energy	 will	 continue	 and	
furthermore,	GHG	emitting	fuels	are	expected	to	supply	more	than	three-quarters	of	



















growing	 concerns	 over	 challenges	 to	 explore	 a	 clean,	 sustainable,	 environmentally	
friendly,	 and	 renewable	 source	 of	 energy	 that	 can	 effectively	mitigate	 the	 negative	
impacts	 of	 a	 total	 reliance	 on	 fossil	 fuel	 as	 a	 source	 of	 energy.	 In	 addition	 to	 the	
drawbacks	of	GHG	emissions	from	conventional	energy	production,	fossil	fuel	is	a	finite	
resource	of	energy	and	will	be	exhausted	 in	 the	 future	and	consequently	 cannot	be	
trusted	as	a	productive	and	economic	energy	sources	for	the	future	(Quintana	et	al.,	
2011).	 To	 resolve	 this	 crucial	 problem,	many	 countries	 around	 the	world	 signed	 an	
agreement	 called	 the	 Kyoto	 Protocol	 in	 1997,	 in	 which	 the	 industrialised	 countries	
agreed	to	decrease	 the	GHG	emissions	by	5.2%	compared	to	 the	1990	standards.	 In	
2015,	194	countries	signed	an	agreement	at	the	Paris	conference	on	climate	change	to	










billion	per	year	by	2020	 to	 fund	 researches	 in	Renewable	energy	 field	 in	developing	
nations	(OECD,	2016).	The	EU	countries	have	two	main	targets	to	achieve	by	2030,	1)	
reduce	 the	 local	GHG	emissions	by	40%,	and	2)	an	efficient	 increment	of	 renewable	
sources	of	energy	by	about	27%	(European	Council,	2014).	






air	pollution,	 improves	the	standard	of	 life	and	creates	new	job	opportunities.	 It	can	
also	help	with		efforts	of	governments	in	fulfilling	their	international	agreements	that	






renewable	 sources	 (Figure	1.2)	with	46%	of	 total	 renewable	 energy	being	produced	
from	biomass.	Also,	known	as	bioenergy,	biomass	is	defined	as	a	renewable	source	of	
energy	 that	 is	 generated	 from	 organic	 (biological)	 materials	 and	 not	 embedded	 in	
geological	formations	(fossilised).	Biomass	energy	can	be	used	either	in	its	original	form,	
or	converted	to	different	forms	of	solid,	gaseous,	or	liquid	biofuels.	These	fuels	can	be	










be	 exploited	 effectively	 to	 address	 various	 problems	 like	 the	 need	 to	 reduce	 the	
environmental	 impacts	of	 the	GHG	emissions	produced	 from	 fossil	 fuel	 resources,	 a	
rapid	enhancement	of	energy	demands,	an	 increment	 in	 the	conventional	 fossil	 fuel	
prices,	and	the	predicted	depletion	of	the	fuel	resources	(Wang	et	al.,	2011).	
Generally,	 biofuel	 is	 divided	 into	 two	main	 types:	 liquid	biofuel	 and	gaseous	biofuel	






































biofuel	 production	 on	 sugarcane,	wheat,	 and	 Cassava	 to	 produce	 different	 types	 of	





















The	main	 sources	 for	 the	production	of	 first	 generation	biofuels	 are	 food	and	 food-	
based	crops	(Figure	1.7).	Ethanol	is	the	common	type	of	biofuel	produced	essentially	
from	 the	 fermentation	 of	 a	 variety	 of	 sugar	 containing	 plants	 or	 grain	 crops	 like	
sugarcane	 (Brazil),	 corn	 (USA),	 sugar	 beet,	 wheat	 and	 potatoes	 (China	 and	 India)	




45BP Statistical Review of World Energy 2017
Biofuels production
Thousand tonnes oil equivalent 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Growth rate per annum
Share
20162016 2005-15
US 10670 14709 20934 23761 28044 31184 29808 31057 32890 33849 35779 5.4% 15.2% 43.5%
Canada 174 503 546 786 809 950 1017 1056 1188 1142 1160 1.2% 22.8% 1.4%
Mexico – 5 5 5 14 13 15 58 58 58 58 – – 0.1%
Total North America 10844 15216 21485 24552 28866 32147 30840 32171 34137 35049 36997 5.3% 15.4% 45.0%
Argentina 30 173 635 1055 1670 2234 2295 2014 2644 2038 2828 38.4% 71.7% 3.4%
Brazil 9590 12427 15486 15277 16866 14403 14739 17114 18005 19332 18552 -4.3% 8.4% 22.5%
Colombia 144 155 158 320 455 572 627 650 676 693 626 -10.0% 46.2% 0.8%
Other S. & Cent. America 513 596 806 634 229 310 300 354 378 379 373 -1.9% 6.5% 0.5%
Total S. & Cent. America 10278 13351 17085 17285 19220 17519 17961 20131 21703 22442 22378 -0.6% 9.8% 27.2%
Austria 109 222 269 373 391 390 390 374 329 381 419 9.8% 18.0% 0.5%
Belgium 22 146 282 486 603 664 562 547 574 556 558 – 89.9% 0.7%
Finland 12 54 101 231 301 208 263 330 367 445 446 – 51.8% 0.5%
France 682 1153 2064 2408 2353 1935 2145 2306 2541 2519 2226 -11.9% 18.5% 2.7%
Germany 2603 3243 2805 2834 3022 2967 3031 2770 3460 3191 3198 -0.1% 7.2% 3.9%
Italy 594 448 623 772 678 486 298 457 585 582 583 – 5.1% 0.7%
Netherlands 23 82 78 242 391 674 1276 1495 1756 1675 1680 – 87.5% 2.0%
Poland 154 103 290 408 439 414 652 697 750 940 898 -4.6% 23.2% 1.1%
Portugal 70 162 149 226 284 330 276 274 301 321 298 -7.5% 79.7% 0.4%
Spain 273 378 384 1001 1312 851 620 749 1030 1122 1148 2.0% 14.0% 1.4%
Sweden 91 150 183 254 339 400 491 635 789 222 211 -5.1% 15.7% 0.3%
United Kingdom 228 374 289 220 304 322 303 517 403 310 351 12.8% 22.4% 0.4%
Other Europe & Eurasia 407 506 964 1190 1187 1235 1428 1351 1560 1749 1761 0.4% 19.2% 2.1%
Total Europe & Eurasia 5269 7021 8482 10646 11604 10876 11734 12503 14445 14012 13777 -1.9% 15.5% 16.7%
Total Middle East – – – – 5 5 5 5 5 5 5 – – ◆
Total Africa 9 6 11 18 8 8 23 32 40 40 40 – 20.5% ◆
Australia 59 76 119 174 222 223 239 202 169 157 144 -8.5% 21.9% 0.2%
China 925 982 1194 1224 1584 1970 2103 2346 2609 2653 2053 -22.8% 14.6% 2.5%
India 146 149 169 77 123 210 229 268 349 410 505 23.0% 12.7% 0.6%
Indonesia 44 217 530 469 723 1110 1397 1750 2547 1354 2503 84.3% 65.4% 3.0%
South Korea 41 78 146 358 511 309 283 321 337 385 404 4.7% 45.4% 0.5%
Thailand 87 148 525 656 700 765 1054 1330 1490 1603 1610 0.2% 39.9% 2.0%
Other Asia Pacific 144 227 390 478 443 692 997 1234 1873 1913 1889 -1.5% 69.1% 2.3%
Total Asia Pacific 1446 1876 3074 3435 4306 5280 6300 7450 9374 8476 9110 7.2% 25.0% 11.1%
Total World 27848 37471 50138 55936 64008 65834 66863 72293 79703 80024 82306 2.6% 14.1% 100.0%
of which: OECD 16174 22281 29997 35389 40889 43192 42733 44808 48698 49186 50900 3.2% 15.5% 61.8%
Non-OECD 11674 15190 20141 20547 23119 22642 24130 27485 31005 30838 31407 1.6% 12.2% 38.2%
European Union 5214 6945 8334 10461 11466 10707 11593 12394 14286 13820 13580 -2.0% 15.5% 16.5%
CIS – 2 7 36 34 28 29 23 25 25 25 – – ◆
 ◆ Less than 0.05%. Source: Includes data from F.O. Lichts; US Energy Information Administration.
Notes: Consumption of fuel ethanol and biodiesel is included in oil consumption tables.
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Million tonnes oil equivalent
Global biofuels production rose by 2.6% in 2016, well below the 10-year average of 14.1%, but faster than in 2015 (0.4%). The US provided the largest increment (1930 
thousand tonnes of oil equivalent, or ktoe). Global ethanol production increased by only 0.7%, partly due to falling production in Brazil. Biodiesel production rose by 6.5% 















energy.	 For	 example,	 it	 is	 produced	worldwide,	 the	 production	 process	 is	 easy	 and	
without	 including	 high	 cost	 materials,	 and	 it	 can	 be	 stored	 for	 a	 long	 time	 period.	
However,	there	are	some	drawbacks	of	using	terrestrial	crops	for	biofuel	production	
because	 these	 crops	 represent	 the	main	 source	of	 nutrition	 for	 some	 countries	 and	











	Second-generation	 biofuels	 are	 mainly	 produced	 from	 non-edible	 lignocellulosic	
biomass	whose	use	can	overcome	the	drawbacks	of	using	agricultural	land	as	source	for	
biofuel	 production	 (Murphy	 and	 Kendall,	 2015).	 The	 biomass	 sources	 of	 second	
generation	biofuels	are	differentiated	into	three	main	groups:	homogeneous	like	white	





The	 production	 of	 ethanol	 is	 conducted	 through	 several	 steps	 (Figures	 1.8)	 :	
pretreatment,	saccharification,	fermentation	and	distillation.	Pretreatment	is	the	initial	
step	that	facilitates	the	delignification	and	separation	of	the	three-main	carbon	based	




















minimum	 cost.	 Cellulose	 is	 converted	 by	 cellulase	 to	 glucose	while	 hemicellulose	 in	


















Microalgae	 have	 achieved	 great	 attention	 as	 an	 attractive	 feedstock	 for	 renewable	





times	 more	 than	 other	 biofuel	 crops	 and	 mitigates	 the	 period	 of	 time	 required	 to	
produce	the	biofuel,	and	the	ability	to	accumulate	large	amounts	of	neutral	lipids	which	
is	the	main	precursor	for	biodiesel	production(Kocot	and	Santos,	2009;	Rodolfi	et	al.,	
2009)	 .	 Micro	 algae	 can	 be	 cultivated	 in	 various	 environments	 like	 freshwater,	












al.,	2008;	Harwood	and	Guschina,	2009),	or	bioethanol	 through	 fermentation	of	 the	
abundant	content	of	carbohydrates	in	microalgae.	The	valuable	features	of	microalgal	
carbohydrates	 are	 that	 they	 are	 rich	 in	 sugar	 and	 starch,	 lack	 lignin	 and	 low	
hemicellulose	 content	 that	 consequently	 enhances	 the	 hydrolysis	 efficiently	 and	
fermentation	 products	 (Choi	 et	 al.,	 2012;	 Li	 et	 al.,	 2014).	 Microalgae	 produced	
















2013).	 Biodiesel	 can	 be	 derived	 from	 various	 renewable	 edible	 and	 nonedible	
feedstocks	 including	animal	 fat,	waste	 cooking	oil,	 and	plant	oil.	 Biodiesel	 produced	
from	these	sources	is	nontoxic,	highly	biodegradable,	carbon	neutral,	can	be	exploited	
directly	or	blended	with	diesel,	and	can	be	easily	handled	and	stored	for	a	long	time	
(Daroch	 et	 al.,	 2013).	 However,	 edible	 and	 non-edible	 feedstocks	 can	 be	 exploited	
commercially	because	an	increase	in	the	demand	of	fuel,	low	yield,	and	the	requirement	
not	 to	 compete	with	 the	arable	 lands	 and	 freshwater	necessary	 for	 food	and	water	
security.	Therefore,	carbon	neutral	biodiesel	produced	from	microalgae	is	considered	








Various	 studies	 state	 that	 the	 properties	 of	 biodiesel	 produced	 from	 different	
microalgal	 species	meet	 international	 standards	and	 therefore	provide	a	 convenient	






producer	 of	 biodiesel	worldwide	 from	 about	 11	million	 litres	 in	 2011	 to	 about	 12.2	
million	litres.	Germany,	France	and	Spain	are	the	main	European		countries	for	biodiesel	
production	 in	 which	 rapeseed,	 and	 palm	 oil	 are	 used	 as	 the	 main	 feedstocks	 for	
biodiesel	production	(FAS,	2016).	The	price	of	biodiesel	mainly	depends	on	the	type	of	




Microalgae	 include	 both	 prokaryotic	 (cyanobacteria)	 and	 eukaryotic	microorganisms	
that	 lack	 roots,	 stems,	 and	 leaves.	 They	 can	 grow	 rapidly	 in	 a	 variety	 aquatic	 and	







If	microalgae	are	autotrophic,	 they	exploit	 inorganic	 compound	as	 their	 sole	 carbon	
source.	Autotrophic	microalgae	 can	be	either	photoautotrophic	 in	which	 light	 is	 the	
source	 of	 energy,	 or	 chemoautotroph	 that	 IS	 THEYoxidize	 inorganic	 compounds	 for	
energy.	Heterotrophic	microalgae	oxidise	organic	compounds	for	energy	and	can	grow	
in	the	absence	of	light.	Mixotrophic	microalgae	combined	aspects	of	both	phototrophs	
and	 heterotrophs	 for	 energy	 generation	 (Lee,	 2008).	 Algal	 reproduction	 is	 generally	









from	 various	 sources	 including	 atmosphere,	 industrial	 exhaust	 gases	 and	 soluble	
carbonate	salts	during	photosynthesis.	Gases	exhausted	 from	 industrial	process	 that	
contain	up	to	15%	CO2	are	considered	to	be	a	high	value	source	of	CO2	that	is	a	crucial	
factor	 for	 microalgal	 cultivation	 and	 consequently	 the	 optimum	 way	 to	 fix	 CO2	 in	
comparison	 with	 the	 low	 percentage	 of	 CO2	 in	 the	 atmosphere.	Moreover,	 various	
species	of	microalgae	have	distinct	features	through	efficient	exploitation	of	carbonates	














the	 glycerol.	 Generally,	microalgal	 lipids	 are	 separated	 into	 two	main	 groups:	 polar	
lipids	 like	glycolipids	 (involve	 the	combination	of	 two	 fatty	acid	chains,	glycerol,	and	
sugar	 particle	 like	 galactosyldiacylglyceride)	 occur	 in	 the	 chloroplast	 membrane.	
Glycolipids	 are	 split	 into	 sphingolipid	 mainly	 located	 in	 animal	 cells,	 and	
glyceroglycolipid	 that	 is	 widely	 distributed	 in	 higher	 plants,	 algae	 and	 bacteria.	







for	 exchange	 of	 energy,	 substances,	 and	 signals	 through	monitoring	 the	membrane	
permeability	of	 the	algal	 cells	 (Kitamoto	et	al.,	2009).	The	main	component	of	polar	
lipids	 is	 polyunsaturated	 fatty	 acids	 (PUFA)	 that	 are	 synthesized	 during	 the	 aerobic	
desaturation	and	chain	elongation	of	fatty	acids	especially	palmitic	(C16)	and	oleic	(C18)	
acids	(Erwin,	1973).		
Non-polar	 lipid	 (neutral	 lipid)	 is	 the	 other	 type	 of	 algal	 lipid	 and	 is	 split	 into	






of	 TAG	 are	 mainly	 saturated	 or	 monosaturated,	 however	 some	 high	 lipid	 content	
microalgal	species	accumulate	long	chain	poly	unsaturated	fatty	acids	(PUFA)	(Bigogno	
et	al.,	2002).	TAG	is	more	favourable	as	a	source	of	biofuel	production	in	comparison	
with	 phospholipid	 and	 glycolipid	 because	 it	 is	 rich	 in	 fatty	 acids	 and	 also	 lack	 of	























































Figure	 1.9	 Schematic	 to	 illustrate	 fatty	 acid	 de	 novo	 synthesis	 of	microalgal	 lipid.	
ACCase	acetyl	CoA	carboxylase,	ACP	acyl	carrier	protein,	CoA	coenzyme	A,	FAT	 fatty	
acyl-ACP	thioesterase,	PGA	phosphoglyceraldehyde,	HD	3-hydrocyl-ACP	dehydratase,	











then	 induce	 lipid	 synthesis	 through	 various	 processes	 mainly	 through	 reducing	 the	
nutrient	content	of	the	medium	((Singh	and	Sharma,	2012).	The	common	techniques	
used	 for	 algal	 cultivation	 include	 open	 ponds,	 and	 photobioreactors	 (PBRs).	 Each	
technique	has	its	unique	features	and	the	two	main	factors	for	selecting	the	cultivation	
system	are	the	price	and	reliability.	
including phospholipids (polar lipids, which are composed
of two fatty acids and a phosphate group on glycerol, it an
essential component of the cell membrane), glycolipids
(composed of a glycerol molecule combined with two fatty
acids and a sugar molecule, e.g. galactosyldiacylglycerides,
found in chloroplast membranes) and sulfolipids (sulphate
esters of glycolipids which are also found in chloroplast
membranes).
The main biological functions of lipid molecules are
energy storage and cell signaling. The biosynthesis process
consists of three independently regulated steps:
(i) the synthesis of fatty acids in the plastids,
(ii) formation of glycerol-lipids in the endoplasmic
reticulum (ER),
(iii) Packaging into the oil bodies.
The synthesis of fatty acid as shown in Fig. 4 is cat-
alyzed through multifunctional enzyme complex acetyl-
CoA carboxylase (ACCase) which produces malonyl-
coenzymeA from acetyl-coenzymeA and bicarbonate
(Maity et al. 2014).
Acetyl CoA Carboxylase (ACC) is one of the most
important biomolecules required for biofuel formation. It is
a multi-subunit enzyme found mostly in prokaryotes and in
the chloroplasts of plants and algae. This enzyme catalyzes
the irreversible carboxylation of acetyl-CoA to produce
malonyl-CoA through its two catalytic centres, biotin car-
boxylase (BC) and carboxyl transferase (CT). In eukaryotic
species it is present as a huge, multi-domain enzyme in the
endoplasmic reticulum. The function of ACC is to provide
the substrate for malonyl-CoA that is required for the
biosynthesis of fatty acids.
The lipid content in algae can range from 1 to[50% and
can vary greatly with growth conditions. High levels of
TAGs are seen mostly in eukaryotic algae and are not
common in cyanobacteria or other prokaryotes in general,
though some bacteria have been shown to produce up to
87% of their dry weight as TAG (Darzins et al. 2010).
Schenk et al. (2008) and Vince et al. (2012) have
reported that the lipid content of microalgae was 10–30%
of the dry weight under optimal growth conditions but in
some oleaginous species the lipid content increased up to
60–80% of dry weight when they are exposed to stress
conditions such as nutrient deprivation and high light
intensity. The fatty acid profiles of some microalgae are
summarized in Table 2.
Oil producing microalgal strain selection
It is noteworthy that successful commercial microalgal
growth essentially requires the development of strains and
conditions for culture that allow rapid biomass production
with high lipid content and minimal growth of contami-
nating strains. Established strains from culture collections
are advantageous as they are readily available as pure
culture along with prior knowledge on the strain of choice.
Isolation and screening of novel native algae allow the
selection of strains adapted to particular climate, water
chemistry and other selective conditions such as extremes
of pH, temperature, salinity, or ability to grow with flue gas
as the CO2 source. Strains that have already shown some
promise for lipid productivity may be further improved
through the classical genetic techniques of mutagenesis and
breeding. The application of genetic engineering tech-
niques and modern methods of systems to biology like,
genomics, proteomics, transcriptomics and metabolomics
for improvement of the microalgal strain has considerable
promise. Thus, selecting the right strain is a very important
task for the synthesis of microalgal biofuel.
When comparing different microalgal types, the lipid
production rate (mg L-1 day-1) in green microalgae is
much higher than those of red or blood-red microalgae.
The lipid productivity of C. protothecoides, C. vulgaris
CCAP 211/11b, N. oculata NCTU-3 and N. oculata was
found to be[100 mg L-1 day-1. Whereas in the contest of
lipid content (% dry weight biomass) and productivity C.
protothecoides, N. oculata NCTU-3 and N. oleoabundans
have exhibited more efficient productivity than others. The
lipid content (% dry weight biomass) can be summarized in
the order of: green algae[Yellow-green algae[ red
algae[ blood-red algae[ blue-green algae and lipid pro-
ductivity (mg L-1 day-1) was observed in the order of:



































Fig. 4 Schematic representation of microalgal lipid biosynthesis. The
enzymes are shown in red. Free fatty acids are synthesized in the
chloroplast. The TAGs are assembled at th Endoplasmic Reticulum
(ER). ACCase acetyl-CoA carboxylase, ACP acyl carrier protein, CoA
coenzyme A, F T fatty acyl- P thioest rase, PGA phosphoglycer-
aldehyde, HD 3-hydroxyacyl-ACP dehydratase, ENR enoyl-ACP
reductase, KAR 3-ketoacyl-ACP reductase, KAS 3-ketoacyl-ACP
synthase, MAT malonyl-CoA ACP transacylase, PDH pyruvate
dehydrogenase complex, TAG triacylglycerols












possibility	of	 sedimentation.	Circular	open	ponds	are	commonly	used	 for	 large	 scale	
cultivation	of	Chlorella	sp.	in	Asia.	Generally,	the	productivity	of	algal	biomass	in	circular	





of	 liquid	 and	 the	 suspension	 of	 algal	 cells	 in	 the	 medium,	 which	 prevents	 any	






of	 construction	 and	 maintenance,	 minimal	 energy	 requirements,	 simple	 system	 of	
cultivation	in	terms	of	operation,	and	the	fact	that	they	can	be	constructed	in	a	variety	
of	places	including	marginal	land	(Rodolfi	et	al.,	2009;	Chisti,	2012).	On	the	other	hand,	
various	drawbacks	of	open	ponds	are	 the	 large	area	 required	 to	scale	up,	 their	high	
susceptibility	 to	 contamination	 and	 invasion	 by	 other	 microalgae,	 bacteria	 and	
invertebrates.	 Biomass	 cultivation	 in	 open	 ponds	 is	 also	 dependent	 on	 weather	











as	 closed	 or	 (mostly	 closed)	 vessels	 that	 offer	 an	 ideal	 system	 for	 capturing	 and	
exploiting	 of	 light,	 and	 CO2	 necessary	 for	 pilot	 cultivation	 of	 algal	 cells.	 A	







properties	 of	 the	 final	 products	 (Carvalho	 et	 al.,	 2006).	 The	 operation	 of	 the	
photobioreactor	 can	 be	 carried	 out	 outdoors	 using	 sunlight	 as	 a	 source	 of	 light	 or	
indoors	 utilising	 artificial	 source	 of	 light	 for	 illuminating	 the	 algal	 culture.	 Indoor	






and	 the	 surface	 area	 to	 volume	 ratio	 must	 be	 considered	 with	 respect	 to	 culture	
illumination	and	mitigation	of	dark	zones.	The	design	must	also	take	into	account	the	








However,	 the	 low	 surface	 area	 to	 volume	 ratio	 causes	 inefficient	 utilization	 of	 light	






release	 CO2	 and	 capture	 O2.	 The	 other	 advantage	 is	 less	 energy	 consumption	 in	




surface	 to	 volume	 ratio	 that	 enhances	 the	 exposure	 of	microalgal	 cells	 to	 the	 light	
source,	 the	 agitation	 conducted	 through	 recirculation	 by	 air	 pumps,	 low	 cost	
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ranges from 15 cm to 50 cm.  Most of the raceway 
ponds consist of paddlewheel, baffle and channels. 
Paddlewheels drive the liquid flow, ensures the algal cell 
is suspended in the culture medium and avoids 
sedimentation.  Baffles rule the direction of flow and 
avoids dead zone of flow where cells will settle.  In this 
way, algae cells will be sufficiently mixed and keep a 
continuous flow to receive sunlight and CO2 from 
atmosphere.  The fresh culture liquid can be easily 
added, while the high-density algae can be harvested 
through an outlet.  The length to width ratio is a 
significant parameter while larger width may lead to a 
weak current speed and larger length may result in greater 
land use. 
Compared with other open systems, the whole 
production process of the raceway pond is highly efficient 
and convenient, therefore, it is the first-choice reactor for 
the outdoor large-scale cultivation of microalgae.  In a 
raceway pond, the biomass productivities can achieve 
60-100 mg/(L·d)[18]. 
Although the open system has proven to be the most 
economical and sustainable for large-scale commercial 
cultivation of microalgae during the past decades, the 
open system still presents many problems, which make 
unsuitable for producing high value-added microalgae 
products such as fine chemicals and natural pigments.  
However, considering the economy and expansibility of 
the open system, it will still be the main form of 
bioreactor for large-scale microalgae cultivation, 
especially outside the laboratory.  In addition, 
contamination by other microorganisms (undesirable 
algae species, bacteria, fungus or virus) is the most urgent 
issue which should be focused on seriously.  In the 
future, a sequence of tasks, for example how to enhance 
light penetration, how to further decrease evaporation of 
water and how to improve mixing in an open unstirred 
pond or in a raceway pond, are worthy of further research 
by scientists and industrialists. 
 
a. Raceway pond  b. Flat panel PBR 
 
c. Vertical tube PBR, left is bubble column, right is airlift d. Horizontal tube PBR e. Stirred tank 
 
Figure 1  Schematics of different types of PBRs for microalgae pure cultivation  
 
2.2  Closed system 
In order to solve the problems which are generated in 
an open system and to achieve a better yield of 
microalgae biomass, the closed or mostly closed vessel 
has been developed, which does not allow direct mass 
transfer between culture med a and the atmosphere and is 
able to provide a controllable environment (light, CO2, 
temperature and nutrients)[19,20].  The cost of a closed 
system is often expensive while the air tightness, the 
control process and the mass transfer supplementary 
approaches will greatly increase the cost.  In addition, in 





Light	 is	 the	 energy	 source	 that	 drives	 the	 conversion	 of	 CO2	 to	 organic	 compounds	
(mainly	sugars)	through	photosynthesis.	The	growth	rate	of	microalgae	increases	with	
increasing	light	intensity	until	the	saturation	intensity	point	is	reached	where	the	level	
of	 photon	 absorption	 surpasses	 the	 rate	 of	 electron	 transport	 and	 consequently	 no	
further	 increase	 in	 photosynthetic	 activity	 takes	 place.	 	 Further	 increasing	 the	 light	
intensity	will	cause	degradation	of	the	photosynthetic	apparatus	at	PS2-	this	is	called	


















Temperature	 is	 the	 other	 factor	 that	 influences	 the	 growth	 rate	 and	 lipid	 profile	 of	
microalgae.	 Generally,	 algal	 biomass	 production	 increases	 with	 an	 increase	 in	 the	
temperature	until	an	optimum	temperature	is	reached.	Many	microalgal	cells	grow	well	
at	temperatures	ranging	from	25	-	30°C.	At	higher	temperatures,	the	growth	of	algal	





content	 of	microalgae,	 although	 the	 proportion	 of	 saturated	 and	monounsaturated	
fatty	acids	increase	(James	et	al.,	2013).	At	low	temperatures	(below	15°C),	algal	cells	
production	 is	 inhibited	 due	 to	 an	 increase	 in	 the	 viscosity	 of	 the	 cytoplasm	 and	 a	
decrease	 in	 the	 transport	 into	 the	 cell	 of	 essential	 nutrients.	 Furthermore,	 low	
temperatures	 lead	algal	cells	 to	accumulate	unsaturated	 fatty	acids	 that	are	used	to	
increase	the	fluidity	of	the	membrane	(Chang	et	al.,	2016).		
The	 optimum	 temperature	 for	 lipid	 synthesis	 was	 found	 to	 vary	 depending	 on	 the	
species	((Sibi	et	al.,	2016).	An	increase	in	the	temperature	from	20	to	25°C	doubled	the	
lipid	content	(7.9	to	14.9%)	of	Nannochloropsis	oculata.	For	Chlorella	vulgaris	25°C	was	







Carbon	 is	 a	major	 component	of	microalgal	 cells	 (45-50%)	dry	weight	 and	 the	main	
source	of	carbon	for	algal	photosynthesis	is	CO2	from	the	atmosphere,	or	from	industrial	














contains	 high	 concentrations	 of	 CO2	 and	 some	microalgal	 species	 can	 grow	well	 at	
elevated	CO2	levels	e.g.	the	highest	lipid	productivity	in	Chlorella	vulgaris	was	achieved	
in	cells	cultured	with	8%	CO2	under	nitrogen	limited	conditions	(Montoya	et	al.,	2014).	
Biomass	 productivity	 and	 lipid	 yield	 also	 increased	 in	 Nannochloropsis	 cells	 after	
supplementation	with	15%	CO2	 (Jiang	et	al.,	2011).	Another	study	showed	that	both	











Nitrogen	 starvation	 is	 the	 most	 common	 approach	 to	 significantly	 increase	 lipid	
accumulation.	Nitrogen	is	the	second	most	essential	component	(1-10%)	of	algal	cells	
and	is	mainly	provided	in	growth	media	as	either	ammonium,	nitrate	or	urea.	In	some	




the	cell	membrane	 formation	 (Hu,	2004).	The	 lipid	content	of	Chlorococcum	 sp.	and	
Scenedesmus	 destricola	 improved	 from	 31.6%	 to	 40.7%	 and	 from	 48%	 to	 54%	
respectively	when	 they	were	 cultured	under	nitrogen	deficient	 conditions,	 (Li	et	al.,	




















Microalgal	 cells	 tend	 to	 accumulate	 high	 lipid	 yield	 as	 a	 defence	 mechanism	 after	
exposure	to	salinity	stress	that	enhances	the	external	osmotic	pressure.	An	increment	
in	the	salinity	of	the	algal	environment	has	a	remarkable	influence	on	the	physiological	







or	 salt	 tolerant	microalgae	Dunaliella	 sp.	 that	 is	 a	good	example	of	an	alga	which	 is	
tolerant	to	salinity	stress	and	its	lipid	content	increased	remarkably	(up	to	70%)	under	
high	 salinity	 ((Takagi	 and	 Yoshida,	 2006).	Nanochloropsis	 salina	 lipid	 yield	 increased	















lipid	 yield	were	 increased	by	 increasing	 the	 concentrations	of	 iron,	magnesium,	and	
calcium	(Ren	et	al.,	2014).	An	increase	in	the	lipid	content	of	Botryococcus	sp.	was	seen	
after	 cultivation	 in	a	high	 iron	 concentration	 (Yeesang	and	Cheirsilp,	2011).	Another	
study	described	an	increase	in	the	growth	and	lipid	content	of	Monoraphidium	sp.	after	






















Weston	Park	Pond)	and	compare	 it	with	neutral	 lipid	content	of	 the	model	strain	of	
cyanobacteria	Synechocystis	sp.	PCC	6803	(obtained	from	Prof.	Hunter	lab,	Department	
of	Molecular	Biology	and	Biotechnology	-	University	of	Sheffield-UK)	under	normal	and	
stress	 	 growth	 conditions	 (high	 salinity,	 nitrogen	 starvation,	 and	 altered	 source	 of	
nitrogen	 in	 the	 medium).	 Various	 neutral	 lipid	 assessment	 techniques	 were	 used	
including	 fluormetric	 determination	 in	 combination	with	 lipophilic	Nile	Red	dye,	 gas	
chromatography	 -	 mass	 spectrometry	 (GC-MS)	 technique,	 and	 nuclear	 magnetic	
resonance	(NMR).	(Chapter	4)	


























Also,	 inoculation	and	 sub-culturing	were	 carried	out	with	 a	 flame	after	 cleaning	 the	










































Different	modifications	were	made	 to	 the	BG11	medium,	 to	grow	 the	algal	 samples	
under	stress	conditions.	
2.2.1.1 High	Salinity	BG11	Medium		








































































culture	within	 the	 engraved	 circle	 of	 the	Helber	 Counting	Chamber	 slide,	
then	the	cover	slip	was	added	using	a	sliding	motion.	
• The	slide	was	examined	under	the	appropriate	magnification	usually	x400	


















































































































































The	 presence	 of	 genomic	 DNA	 in	 the	 extracted	 algal	 samples	 was	 investigated	 by	
preparation	 of	 1%	 agarose	 gel.	 0.6	 g	 of	 agarose	 powder	 (ICN	 Biomedicals	 Inc.)	was	











Lim	primers	 (Lim	et	al.,	2012).	 For	 further	 identification	of	pond	water	 samples,	 the	
internal	transcribed	spacer	(ITS)	region	were	amplified	using	5.8S	rDNA	ITS1,	and	ITS2	
primers.	(Nakayama	et	al.,	1996;	Hoshina	et	al.,	2004;	Hoshina	et	al.,	2005).	







































ITS1	F	 5-TACCTGGTTGATCCTGCCAG -3 Nakayama	et	al.,	
(1996)		















SAMPLE		 16S	 18S	Lim		 Control	
Master	mix		 20	 20	 20	
For	primer		 4	 4	 4	




Genomic	DNA		 5	 5	 0	






































































• The	 samples	were	 transferred	 to	 a	 column	 (max.	 1	ml)	 assembled	 in	 a	 clean	























Where	 A260	 is	 proportional	 to	 DNA	 &	 RNA	 concentration,	 A280	 corrects	 for	
















The	 highest	 identity	 scores	 of	 genus	 sequences	 were	 selected	 and	 with	 the	 query	
sequences	retrieved	from	NCBI	GenBank	database,	Jalview	software		(Waterhouse,	et	al.	,	
2009)	was	used	to	conduct	multiple	sequences	alignment	of	 the	query	and	retrieved	



























Tube	Number		 Conc.	(%)	 Culture	(ml)	 Media(ml)	
11	 5.00	 0.25	 4.75	
10	 10.00	 0.50	 4.50	
9	 20.00	 1.00	 4.00	
8	 30.00	 1.50	 3.50	
7	 40.00	 2.00	 3.00	
6	 50.00	 2.50	 2.50	
5	 60.00	 3.00	 2.00	
4	 70.00	 3.50	 1.50	
3	 80.00	 4.00	 1.00	
2	 90.00	 4.50	 0.50	













10	µl	of	 (100	µg/ml)	of	NR	dissolved	 in	DMSO	was	added	 to	 the	 tube	and	mixed	by	













































Red	 (from	 15.9	 µg/ml	 stock	 solution	 dissolved	 in	 acetone)	 was	 transferred	 to	 each	










Percentage	 100	 87.5	 75	 62.5	 50	 37.5	 25	 12.5	 Total	(ml)	
Culture	(µl)	 2000	 1750	 1500	 1250	 1000	 750	 500	 500	 9	














































Percentage	 100	 87.5	 75	 62.5	 50	 37.5	 25	 12.5	 Total(ml)		
Culture(µl)	 1000	 875	 750	 625	 500	 375	 250	 125	 4.5	





100	 87.5	 75	 62.5	 50	 37.5	 25	 12.5	 Empty	wells	






R1	 A	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R2	 B	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R3	 C	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	




R1	 E	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R2	 F	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R3	 G	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	














































0.05 16 984 
0.1 32 968 
0.2 64 936 
0.3 100 900 
0.4 128 872 
0.6 192 808 
	 	
The	 optimum	 algal	 concentration	 chosen	 from	 the	 previous	 experiment	 (Section	
2.9.2.2.1)	was	prepared	to	the	optimum	OD	at	595	nm.	10	µl	of	algal	cells	were	added	
into	 2	 screw	 caped	 tubes,	 one	 of	 them	was	 labelled	 as	 stained	 and	 the	 other	 was	






























0.16	 0.32	 0.64	 1.0	 1.28	 1.92	 Empty	wells	






R1	 A	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R2	 B	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R3	 C	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	





R1	 E	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R2	 F	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R3	 G	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	





The	 neutral	 lipid	 determination	 of	D.	 armatus	 and	 Synechocystis	 cells	 grown	 under	





















0.2	 0.16	 0.12	 0.08	 0.06	 0.04	 0.02	 0	
Triolein(µl)	 20	 16	 12	 8	 6	 4	 2	 0	

















The	 relationship	between	 the	 concentrations	of	 triolein	mixture	versus	 the	Nile	Red	
fluorescence	 intensity	 was	 illustrated	 by	 drawing	 a	 calibration	 curve.	 Then	 each	





Conc.	Of	Triolein	(mg/ml)	 0.2	 0.16	 0.12	 0.08	 0.06	 0.04	 0.02	 0	 Empty	wells	






R1	 A	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R2	 B	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R3	 C	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	




R1	 E	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R2	 F	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	
R3	 G	 200	 200	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	





The	 relationship	between	OD	and	 the	algal	 cell	dry	weight	was	measured,	based	on	








Tube	number	 Conc.	(%)	 Culture(ml)	 Medium	(ml)	
12	 0.0	 0	 30.0	
11	 8.3	 2.5	 27.5	
10	 16.6	 5.0	 25.0	
9	 33.3	 10.0	 20.0	
8	 41.6	 12.5	 17.5	
7	 50.0	 15.0	 15.0	
6	 58.3	 17.5	 12.5	
5	 66.6	 20.0	 10.0	
4	 75.0	 22.5	 7.5	
3	 83.3	 25.0	 5.0	
2	 91.6	 27.5	 2.5	




The	 tubes	were	 centrifuged,	 the	 supernatants	were	 discarded	 and	 the	 pellets	were	























































with	 a	 lid	 from	 another	 Eppendorf	 tube	 containing	 a	 hole,	 the	 tubes	 were	 frozen	
overnight,	then	freeze	dried	(lyophilised).		
From	each	sample,	5-10	mg	of	freeze	dried	D.	armatus	were	transferred	to	2	ml	crimp	







and	 the	 solvent	evaporation.	Moreover,	utilising	a	 free	 fatty	 acid	 (FA)	 as	 a	 recovery	




reaction.	Despite	 this	 the	 inferred	efficiency	probably	does	not	 consider	all	 the	 lipid	
because	 there	 were	 some	 non-FA	 lipid	 compounds	 transesterified.	 However,	 the	
improvements	to	this	procedure	led	to	the	transesterification	efficiency	of	several	pure	
lipid	compounds	to	be	close	to	100%	(Laurens,	personal	communication,	2015).	
Sealed	 vials	were	 immediately	 transferred	 to	 a	 pre-heated	 hot	 plate	 at	 85°C	 for	 60	
minutes	 to	 enable	 the	 transesterification	 reaction	 to	 happen.	 After	 incubation,	 the	
samples	were	removed	from	the	hot	plate	and	cooled	at	room	temperature	for	at	least	
15	minutes.	To	extract	FAME	from	the	mixture,	1	ml	of	HPLC	grade	hexane	was	added	
to	each	vial	using	a	gas	 tight	 syringe	 (1	ml	polypropylene	 syringe,	BD	Plastipak)	and	




For	 GC	 analysis,	 samples	 were	 prepared	 by	 dilution	 depending	 on	 estimated	 FAME	




































Identification	 of	 sample	 peaks	 and	 relative	 quantification	 was	 performed	 using	














peak	 area	 of	 the	 internal	 standard	 (pentadecane),	 and	 ConcIS	 is	 the	 known	
concentration	of	internal	standard	(set	to	relative	quantity	of	1	for	each	sample).		





mg	ml-1	 FAME	 standard	 (Section	 2.12.1.1)	multiplied	 by	 1000	 to	 increase	 resolution	




Concrel=	AreaFAME	×	RF			 	 	 	 	 	 	 	
where,	 Concrel	 is	 relative	 concentration,	 and	RF	 is	 the	 response	 factor	 calculated	by	
linear	regression	of	FAME	standard	response.		





















This	 absolute	 concentration	 is	 then	 normalised	 for	 the	 quantity	 of	 the	 recovery	
standard	and	the	dilution	factor	used	in	preparation	step	(Section	2.12.1.1).	This	step	is	
described	in	the	following	equation;	





To	 convert	 to	 total	 FAME	 per	 unit	 of	 dry	 cell	 weight	 (mg),	 the	 sum	 of	 all	 FAME	
components	was	divided	by	the	DCW	(mg)	used	for	each	sample:	
µg	mg	DCWC/=	 1234DEFGH1I 			 	 	 	 	 			 	 	
Finally,	 the	 percentage	 of	 each	 component	 of	 the	 total	 FAME	 (fame	 profile)	 was	
calculated	using	the	following	equation:		

















irradiated	 and	 treated	 as	 control	 Then,	 5	 µl	 of	 100	 µg	 ml-1	 (0.6	 µg	 ml-1	 	 final	
concentration	 )	 of	 Nile	 Red	 solution	 was	 added	 to	 stained	 tubes.	 From	 each	
concentration	of	DMSO,	295	µl	was	transferred	to	the	one	of	the	stained	tubes	and	300	
µl	 was	 transferred	 to	 unstained	 tubes	 and	 the	 final	 concentrations	 of	 DMSO	 were	
(3,7,11,15,18,22%).	All	the	tubes	were	vortexed	and	left	in	dark	at	room	temperature	
for	10	min.	After	that,	the	stained	and	unstained	tubes	were	washed	(2-3)	times	with	1	
ml	of	 phosphate	buffer	 (PBS),	 then	 the	 samples	were	 transferred	 to	 a	multi-pipette	




























10	 20	 30	 40	 50	 60	 Empty	wells	






R1	 A	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R2	 B	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R3	 C	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	





R1	 E	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R2	 F	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	
R3	 G	 200	 200	 200	 200	 200	 200	 0	 0	 0	 0	 0	 0	







2013).	 To	 obtain	 the	 fluorescence	 readings,	 the	 Nile	 Red	 stained	 cells	 at	 different	
concentrations	were	excited	with	 a	475-nm	 laser,	 and	 the	emission	was	568/42	nm	
while	the	unstained	cells	were	utilised	as	an	auto-fluorescence	control.	The	features	of	















(Upland,	 CA	91786	USA).	 The	UV	exposure	was	 achieved	by	 adding	 12	ml	 of	 the	 D.	
armatus	 culture	 into	 a	 90-mm	 sterile	 Petri	 dish	 (Thermo	 Scientific),	 the	 plate	 was	
transferred	under	the	UV	lamp	and	after	taking	off	the	lid	of	the	Petri	dish	the	distance	
between	the	lamp	and	the	dish	was	about	13.5	cm.	
Three	 replicates	were	prepared	 for	each	 irradiation	 time.	The	cells	were	 transferred	
into	 pre-autoclaved	 100	 ml	 BG11	 medium	 flasks.	 To	 minimise	 the	 probability	 of	
photoreactivation	 that	would	 lead	 to	photorepair	 of	UV-Induced	damage,	 the	 flasks	











concentration	 that	 gave	 the	 highest	mean	 of	 stained	 cells).	 After	 that,	 1	ml	 of	 the	
unstained	sample	 (control)	was	 run	 through	a	high-speed	 flow	cytometry	 to	make	a	
gate.	The	spreading	of	stained	cells	was	exploited	as	a	control	to	fix	the	high	lipid	gate	
for	expected	mutant	cells.	The	upper	3%	of	the	stained	cells	was	fixed	as	a	high	lipid	












































































More	 than	 100,000	 of	 various	 microalgae	 species	 occur	 worldwide,	 However,	 just	
around	30,000	species	have	identified	(Mata	et	al.,	2010).	In	recent	years,	many	algal	
research	institutes	and	culture	collections	have	attempted	to	classify	and	store	different	
algal	species,	 for	 instance,	about	4000	strains	and	1000	species	of	 fresh	water	algae	
have	 been	 identified	 and	 maintained	 in	 the	 Collection	 of	 Freshwater	 Algae	 at	 the	
University	of	Coimbra,	Portugal	(Mata	et	al.,	2010).	Fresh	water	microalgae	have	been	
one	 of	 the	 optimum	 sources	 for	 production	 of	 variable	 bioproducts	 that	 could	 be	
utilized	 in	 industrial	 fields	 such	as	 lipids,	which	are	being	 considered	as	 a	promising	
source	 for	 biodiesel	 feedstock	 (Chisti,	 2007;	 Sharma	 et	 al.,	 2014),	 antioxidants	 and	
emulsifiers	used	in	nutrition	sector	(Chisti,	2007;	Ahmed	et	al.,	2014).		
Among	 the	 vast	 number	 of	 isolates,	 only	 a	 few	 species	 of	 microalgae	 have	 been	
exploited	 as	 	 	 feedstock	 sources	 for	 biodiesel	 production	 (known	 as	 oleaginous	
microalgae)	 including	 Chlorella	 sp.,	 Botryococcus,	 Scenedesmus	 sp.	 and	
Nannochloropsis	(Nascimento	et	al.,	2013;	Rodolfi	et	al.,	2009;	Selvarajan	et	al.,	2015;	
Gour	et	al.,	2016).	Many	factors	have	influenced	the	selection	of	microalgal	strains	for	
biodiesel	 production	 and	 the	 framework	 for	 selection	 of	 ideal	microalgae	 has	 been	
illustrated	by	Griffiths	and	Harrison,	(2009).	Fast	growth	rate	under	regional	weather	of	
the	 selected	 area	 is	 considered	 a	 vital	 factor	 that	 affects	 the	 choice	 of	 a	 candidate	
microalga.	 Numerous	 studies	 have	 recognized	 the	 key	 factors	 that	 lead	 to	 a	 robust	
growth	rate	of	microalgae	and	consequently	enhance	the	lipid	content	like	temperature,	
pH,	light	period	and	nutrition	(Lv	et	al.,	2010;	Adams	et	al.,	2013;	Sforza	et	al.,	2012).	
However,	 the	 growth	 dynamics	 of	 each	 microalga	 is	 mainly	 dependent	 on	 the	
geographical	 location	 that	 it	 was	 isolated	 from.	 Therefore,	 optimisation	 of	 growth	
conditions	 is	 essential	 for	 each	 isolated	 strain.	Moreover,	 the	 screening	 of	 an	 ideal	
microalgal	strain	for	biodiesel	production	should	not	only	rely	on	the	percentage	of	lipid,	
but	also	on	the	 lipid	profile	 i.e.	degree	of	unsaturation,	chain	 length	etc.	 (Ren	et	al.,	
2013).		
The	accurate	 identification	of	microalgal	strains	 is	an	 important	part	of	the	selection	





ability	 to	 produce	 high	 lipid	 (Duong	 et	 al.,	 2012).	 The	 conventional	 protocols	 of	
identifying	 microalgae	 have	 passed	 through	 different	 parameters	 including	 the	
traditional	 total	 reliance	 on	 characterization	 of	 cell	 morphology	 and	 colony	 shape	
(Boyer	et	al.,	2001).	Another	taxonomic	technique	of	algal	identification	is	based	on	the	
life	 cycle	 and	 shapes	 of	 flagellated	 cells	 (Christensen,	 1964).	 Mattox	 and	 Stewart,	
(1984)have	 explored	 different	 methods	 of	 algal	 classification	 based	 on	 the	
characteristics	 of	 the	 basal	 body	 in	 flagellated	 cells	 and	 cytokinesis	 during	 mitotic	
division.	All	these	microscopic	based	techniques	probably	provide	an	overview	of	the	
algal	 group	 in	 the	 sample.	 However,	 it	 is	 seems	 to	 be	 an	 imprecise	 way	 for	 strain	
identification	 from	 a	 mixed	 culture	 because	 of	 a)	 well	 qualified	 expertise	 in	 algal	
morphology	 is	 required;	 b)	 shortage	 of	 morphological	 differences	 between	 closely	
related	microalgal	genus	or	species	may	lead	to	mistakes	in	classification	and	c)	it	is	time	
consuming	(Hu	et	al.,	2008;	Abou-shanab	et	al.,	2011).		
Recently,	 molecular	 DNA	 based	 protocols	 have	 become	 universally	 utilized	 for	 the	
taxonomic	 description	 of	 microalgae	 isolated	 from	 natural	 diversity.	 This	 modern	





microalgae	has	been	based	mainly	on	 a	pair	 of	 primers	 that	 correlated	 to	 the	most	
diverse	 group	 of	 microorganisms,	 recovering	 a	 short	 marker	 (around	 700bp)	 of	
sufficient	 difference	 for	 precise	 differentiation	 (CBOL	 Plant	 Working	 Group,	 2009).	
Many	markers	have	commonly	been	exploited	for	identification	of	some	algal	strains,	

















were	 grown	 in	 BG11	 media	 as	 described	 in	 section	 2-3.	 The	 growth	 rates	 of	 both	
Synechocystis	strains	were	investigated	daily	to	choose	the	fastest	growing	strain	based	
on	the	growth	curve	of	each	strain	for	a	week.	The	results	showed	that	the	Vermass	


































For	 pond	 water	 samples,	 the	 results	 of	 microscopic	 examination	 of	 the	 samples	
collected	 from	 different	 places	 in	 Weston	 Park	 were	 contaminated	 with	 bacteria.	
Therefore,	different	purification	techniques	were	conducted	including	Percoll	gradients	
and	centrifuge	washing	techniques	(section	2.6)	until	obtained	an	axenic	strain.				During	





















For	 precise	 identification	 of	 Synechocystis	 and	 the	 pond	 water	 isolate,	 molecular	













































































For	pond	water	 isolate,	 the	18S	 rRNA	genes	were	amplified	using	 two	different	18S	




































reverse	 16S	 primer	 sequences	 were	 matched	 with	 Synechocystis	 PCC	 6803	 (99%	
Identity).	For	the	pond	water	isolate,	only	512	bases	of	forward	18S	rRNA	Lim	primers	
and	509	bases	of	Reverse	18S	rRNA	Lim	primers	were	sequenced	(Appendix	B).	After	





































































































composite	 likelihood	 (MCL)	 approach.	 A	 discrete	 Gamma	 distribution	 was	 used	 to	
model	evolutionary	rate	differences	among	sites	(5	catagories	G+,	parameter=0.005).	




















































































6803	was	 investigated	 as	 described	 in	 section	 2-8.	 Figures	 3.10	 and	 3.11	 show	 the	






















































Before	 identification	 of	 the	 candidate	 strains,	 it	 was	 important	 to	 confirm	 that	 the	
cultures	 were	 axenic.	 Synechocystis	 PCC6803	 strain	 was	 examined	 under	 light	
microscope	to	confirm	the	purity	of	the	single	colonies	and	16S	rRNA	sequences	were	
used	as	molecular	markers	to	confirm	that	the	Synechocystis	PCC6803	strain	that	was	
obtained	 from	 another	 laboratory	 in	 Department	 of	 Molecular	 Biology	 and	
Biotechnology	 had	 been	 correctly	 identified.	 The	 comparison	 of	 16S	 rRNA	 partial	
sequence	using	 the	NCBI	website	 confirmed	our	 strain	as	Synechocystis	 PCC6803	by	




For	 the	 pond	 water	 samples,	 serial	 purification	 steps	 including	 light	 microscopic	




similarity	of	 characteristic	morphological	 and	metabolic	 features	between	species	of	
Desmodesmus	and	Scenedesmus	(Kessler	et	al.,	1997).	Radha	et	al.,	(2013)	pointed	out	
that	 an	 ideal	 protocol	 for	 precise	 identification	 between	 close	 related	
Scenedesmedaceae	 and	 other	 closely	 related	 microalgae	 is	 the	 combination	 of	
molecular	and	morphological	 identification.	For	molecular	characterisation	purposes,	
whole	 DNA	 sequencing	 is	 not	 necessary	 and	 can	 be	 replaced	 by	 sequencing	 small	
specific	 conserved	 genes	 which	 are	 widely	 investigated	 in	 microalgae.	 	 Nuclear	
ribosomal	RNA	(rRNA);	mitochondria	genes,	plastid	genes	(rbcl);	and	ITS	genes	are	the	
commonly	 conserved	genes	 that	play	 an	 important	 role	 for	microalgal	 identification	






et	 al.,	 1977;	Woese,	 1987).	 In	 eukaryotic	 cells,	 rRNA	 is	 divided	 into	 the	 coding	 part	
composed	of	18S,	5.8S,	and	28S	rDNA	and	the	non-coding	part	which	is	composed	of	



















are	more	 variable	 (Hadi	et	 al.,	 2016).	 ITS1	 and	 ITS2	 regions	 of	 DNA	 are	 part	 of	 the	
noncoding	regions	that	can	be	trusted	for	the	identification	of	microalgae	because	they	
are	repeated	in	high	copy	number	within	the	algal	genome	(Kocot	and	Santos,	2009).		
Various	 studies	 used	 ITS	 region	 as	 a	 trustworthy	molecular	marker	 for	 phylogenetic	
taxonomy	 of	 closely	 related	 Scenedesmus	 species	 within	 other	 Scenedesmedaceae	
family	strains	(Hegewald	and	Wolf,	2003;	Gour	et	al.,	2016;	Hadi	et	al.,	2016).	
Scenedesmus	as	a	genus	was	first	distinguished	in	1829	and	it	contained	all	autosporic	
coccal	 green	 algae	 with	 flat	 or	 curved	 coenobia.	 Approximately	 1300	 taxa	 of	





between	 Scenedesmus	 species	 (Chodat,	 1926).	 Desmodesmus	 as	 a	 genus	 was	 first	
classified	as	a	subgenus	of	Scenedesmus,	however	the	taxonomic	relationship	between	
Scenedesmus	 and	Desmodesmus	 has	 passed	 through	 different	 stages	 based	 on	 the	
parameter	 of	 classification.	 Hegewald,	 (1978)	 differentiated	 Desmodesmus	 sp.	 and	
Scenedesmus	sp.	into	separate	subgenera	based	on	the	ultrastructure	of	the	cell	wall,	
in	 which	 species	 with	 four	 sporopollenimic	 wall	 layers	 and	 with	 peculiar	 sub-
microscopic	 features	 on	 the	 outer	 sporopollenimic	 layer	 belonged	 to	 subgenus	
Desmodesmus	Chodat.	In	contrast,	species	with	three	sporopollenimic	wall	layers	that	
lack	 structure	or	with	 ribs	 shaped	 in	 the	hemicellulosic	wall	 layer	were	 classified	 as	
Scenedesmus	and	Acutodesmus	Hegewald.	
18S	 rRNA	was	 another	 taxonomic	 factor	 that	 was	 used	 for	 differentiation	 between	
Desmodesmus	 and	 Scenedesmus	 species.	 The	 18S	 rRNA	 sequence	 investigation	
provides	additional	data	 that	divided	Scenedesmus	 species	 into	 two	main	subgenera	
which	 were	 Desmodesmus	 as	 individual	 subgenus	 and	 both	 Scenedesmus	 and	
Acutodesmus	as	subgenera	(Kessler	et	al.,	1997;	Lewis,	1997).	However,	another	study	
demonstrated	 that	 18S	 rRNA	 is	 not	 variable	 enough	 to	 be	 used	 as	 a	 taxonomic	
parameter	because	of	 the	 insufficient	 variation	 to	distinguish	between	close	 related	
Desmodesmus	and	Scenedesmus	 species	 (Hegewald	and	Hanagata,	2000).	Therefore,	








significantly	 lower	 than	Scenedesmus	species.	 	 The	 reason	was	 illustrated	by	Lürling,	




















high	 content	 of	 protein	 that	 can	 reach	 23%	 of	 dry	weight	 after	 40	 days	 cultivation	
(Cheban	 et	 al.,	 2015).	 Moreover,	 Desmodesmus	 sp.	 cells	 are	 composed	 of	 other	



































no	 standardised	 protocol	 that	 could	 be	 relied	 upon	 for	 precise	 and	 accurate	 lipid	
measurements	 in	 all	microalgal	 strains	 	 considered	 for	 biofuel	 production	 (Li	 et	 al.,	
2014).	
There	 are	 different	 techniques	 that	 have	 been	 used	 for	 the	 determination	 and	
quantification	 of	 algal	 lipids	 such	 as	 gravimetric	 method	 which	 is	 the	 conventional	
method	for	algal	lipid	assessment.	This	protocol	mainly	uses	cell	disruption	and	solvent	
extraction	of	 algal	 biomass	 lipids.	 The	 total	 algal	 lipids	 are	 quantified	 by	 drying	 and	
weighing	 the	 lipid	 extract	 (Kumari	 et	 al.,	 2011).	 However,	 numerous	 studies	 have	
reported	that	this	method	is	undesirable	technique	for	quantification	of	microalgal	lipid	
in	 terms	 of	 loss	 of	 some	 of	 the	 lipid	 content	 after	 additional	 steps	 required	 to	
differentiate	 various	 types	 of	 lipid	 fractions	 such	 as	 transesterification	 and	









In	 situ	 screening	 of	 algal	 lipid	 content	 using	 spectrophotometry	 have	 been	
recommended	in	recent	years	to	be	one	of	the	favourite	protocols	for	determination	of	








Nile	 Red	 (NR,	 9-diethylamino-5H-Benzo[α]phenoxazine-5-one)	 is	 a	 lipid	 soluble	
fluorescent	probe	that	has	been	widely	utilised	to	assess	the	lipid	content	in	different	
organisms	 including	 zooplankton	 (Alonzo	 and	 Mayzaud,	 1999),	 mammalian	 cells	
(Genicot	et	 al.,	 2005),	 bacteria	 (Izard	 and	 Limberger,	 2003)	 and	 yeast	 (Sitepu	et	 al.,	
2012).	
The	vital	feature	of	employing	Nile	Red	as	a	fluorescent	dye	was	to	accomplish	a	quick	
screening	 of	 oleaginous	 microalgae	 to	 allow	 the	 selection	 of	 promising	 strains	 for	
economically	feasible	production	of	biofuel	(Chisti,	2008).									
Nile	Red	has	 the	 ability	 to	pass	 through	 the	 cell	 barriers	 including	 the	 cell	wall,	 cell	
membrane	 and	 dissolve	 in	 the	 intracellular	 neutral	 lipid	 showing	 a	 golden	 yellow	
fluorescence	for	neutral	lipids,	red	for	chlorophyll	auto	fluorescence	and	polar	lipids.	In	
combination	with	 organic	 solvents	 like	 dimethyl	 sulfoxide	 (DMSO)	which	 have	 been	
used			with	different	microalgal	species	in	terms	of	facilitating	the	staining	of	microalgae	
with	Nile	Red	(Pancha	et	al.,	2014;	Wu	et	al.,	2014).	








algal	 species	 and	 sometimes	with	 the	 same	 species,	 for	 example	 (Ren	 et	 al.,	 2015)	
demonstrated	 that	 530/568	nm	were	 ideal	 excitation	 and	emission	wavelengths	 for	


























for	 biodiesel	 production.	 Therefore,	 different	 analytical	 techniques	 such	 as	 Gas	
Chromatography	 (GC)	 and	 Mass	 Spectrophotometry	 (MS)	 alone	 or	 combined,	 and	
Nuclear	Magnetic	resonance	(NMR)	are	being	used	widely	as	tools	for	the	compositional	
evaluation	of	 the	 lipid	 profile	 such	 as	 types	of	 saturated	or	 unsaturated	 fatty	 acids,	





The	 objectives	 of	 this	 chapter	 are	 to	 optimise	 the	 conditions	 that	 are	 required	 to	
accurately	utilise	Nile	Red	for	determination	of	the	neutral	lipids	in	both	Desmodesmus	
armatus	 and	 Synechocystis	 PCC	 6803	 under	 normal	 growth	 conditions	 (i.e.	 growing	
them	 in	 BG11	medium).	 Furthermore,	 investigate	 the	 influence	 of	 stress	 conditions	
involving	 salinity	 (0.2,	 0.4	 M	 NaCl);	 nitrogen	 starvation	 (25%,	 10%	 NaNO3	 BG11);	
nitrogen	depletion	(N	Free	BG11);	and	different	nitrogen	sources	(NH4Cl,	Urea)	on	the	
neutral	lipid	accumulation	in	both	strains.	Moreover,	free	fatty	acids	are	analysed	after	



















The	 accumulation	 of	 neutral	 lipids	 in	 D.	 armatus	 cells	 was	 visually	 confirmed	 by	
examining	 the	 fluorescence	 of	 Nile	 Red	 in	 cells	 grown	 under	 normal	 and	 stress	
conditions	(nitrogen	depletion)	using	fluorescence	microscopy.	This	demonstrated	the	
ability	 of	 Nile	 Red	 to	 penetrate	 the	 algal	 cells	 and	 bind	 to	 the	 intracellular	 lipid	 as	































2.9.2.2.1.	 Figures	 4.3	 and	 4.4	 showed	 the	 fluorescence	 intensity	 of	D.	 armatus	 and	
Synechocystis	cells	respectively	at	different	concentrations	ranging	from	12.5%-100%	at	
different	 incubation	 times.	 	 The	 optimum	 concentration	 of	 D.	 armatus	 and	
Synechocystis	cells	were	based	on	the	balance	between	the	values	of	cell	normalization,	
concentrations	of	the	algal	strain	and	the	staining	time.	The	optimum	concentration	of	































































The	 optimization	 of	 Nile	 Red	 concentration	 was	 conducted	 as	 described	 in	 section	





















































































To	 investigate	 the	 effect	 of	 high	 salinity	 as	 a	 stress	 condition	 on	 the	 neutral	 lipid	
accumulation.	Both	Synechocystis	and	D.	armatus	cells	were	grown	in	0.2	M	NaCl	BG11	
and	 0.4	 M	 NaCl	 BG11	 separately	 as	 described	 in	 section	 2.2.1.1.	 The	 neutral	 lipid	









































For	 Synechocystis,	 the	 effect	 of	 0.2	 M	 NaCl	 and	 0.4	 M	 NaCl	 was	 measured	 using	
optimum	concentration	of	cells	OD595=			(75%)	and	Nile	Red	concentration	(1.3	µg	ml-1).	
Figure	4.8	shows	clearly	that	the	0.4	M	NaCl	and	0.2	M	NaCl	increased	the	neutral	lipid	
content	 in	 terms	 of	 fluorescent	 intensity	 value	 during	 the	 first	 8	 days	 incubation.	
However,	both	salt	stress	conditions	dramatically	decreased	the	neutral	lipid	content	
after	nearly	a	month	of	incubation	when	compared	with	the	neutral	lipid	content	of	the	
normal	 condition	 (BG11)	which	 showed	 the	highest	 fluorescent	 intensity.	 Therefore,	





































































































10%	 NaNO3,	 and	 N	 Free	 BG11.	 	 NaNO3	was	 used	 as	 a	 source	 of	 Nitrogen	 in	 the	


















































Figure	 4.11	 The	 fluorescent	 intensity	 of	 D.	 armatus	 cells	 grown	 under	 different	 N	




















































































section	 2.9.2.3	 to	 convert	 the	 values	 of	 Nile	 Red	 fluorescent	 intensity	 achieved	 by	
exposure	of	both	D.	armatus	and	Synechocystis	cells	to	normal	and	stress	conditions.	
Figures	 4.13	 and	 4.14	 show	 the	 linear	 calibration	 curves	 for	 D.	 armatus	 and	




Figure	 4.13	 Linear	 correlation	 between	 fluorescence	 intensity	 and	 triolein	
concentration	of	D	armatus	cells	for	the	conversion	of	fluorescence	intensity	readings	
to	 triolein	 equivalents.	 Each	 measurement	 represents	 the	 difference	 between	 the	


































Figure	 4.14	 Linear	 correlation	 between	 fluorescence	 intensity	 and	 triolein	
concentration	of	Synechocystis	cells	to	allow	the	conversion	of	fluorescence	readings	
to	 triolein	 equivalents.	 Each	 measurement	 represents	 the	 difference	 between	 the	










































The	 relation	 between	 OD	 and	 cell	 dry	 weight	 was	 determined	 for	 both	 D.	 armatus	 and	



































































The	 concentration	of	 neutral	 lipid	 content	 and	 lipid	 percentage	 (%)	were	 calculated	
based	on	the	triolein	calibration	curve	and	the	relationship	between	OD	and	dry	weight	
of	the	cells	that	offered	the	optimum	concentration	of	biomass	that	is	(OD595=50%=200	




















5	 300	 200	 2.9	 1.45	
12	 700	 200	 4.2	 2.1	
16	 950	 200	 5.1	 2.6	
21	 1100	 200	 6.2	 3	




5	 155	 200	 3.3	 1.65	
12	 385	 200	 3.5	 1.75	
16	 363	 200	 3.6	 1.8	
21	 350	 200	 4.4	 2.2	
30	 340	 200	 15.5	 8.0	
D.armatus		+0.4	
M	BG11	NaCl	
5	 155	 200	 2.7	 1.35	
12	 190	 200	 4.8	 2.4	
16	 275	 200	 5.0	 2.5	
21	 350	 200	 7.0	 3.5	






Table	 4.2	 shows	 the	 neutral	 lipid	 content	 in	 Synechocystis	 grown	 under	 normal	

















5	 634	 400	 0.7	 0.1	
12	 874	 400	 0.8	 0.2	
16	 1187	 400	 0.6	 0.15	
21	 1325	 400	 0.5	 0.15	




5	 636	 400	 1.0	 0.3	
12	 689	 400	 1.0	 0.3	
16	 1060	 400	 0.4	 0.1	
21	 1219	 400	 0.4	 0.2	




5	 132	 400	 1.3	 0.3	
12	 620	 400	 0.7	 0.2	
16	 780	 400	 0.6	 0.1	
21	 1113	 400	 0.2	 0.07	











The	 effect	 of	 nitrogen	 starvation	 on	 neutral	 lipid	 accumulation	 in	 D.armatus	 	 was	
investigated	by	growing	this	strain	under	normal	BG11,	25%	NaNO3,	10%	NaNO3.	and	N	
















5	 300	 200	 2.3	 1.15	
11	 680	 200	 1.8	 0.9	
21	 1100	 200	 6.2	 3.1	




5	 300	 200	 2.3	 1.15	
11	 775.	 200	 1.8	 0.9	
21	 900	 200	 3.4	 1.7	
28	 980	 200	 1.6	 0.8	
D.armatus	
+10%	NaNO3	
5	 330	 200	 2.3	 1.15	
11	 670	 200	 8.9	 4.5	
21	 750	 200	 16.5	 8.25	
5	 840	 200	 29.9	 15	
D.armatus	+	
N	Free	BG11	
5	 227	 200	 5.8	 2.9	
11	 299	 200	 35.4	 17.7	
21	 320	 200	 42.7	 21	





























7	 634	 400	 0.7	 0.2	
14	 874	 400	 0.8	 0.2	
21	 779	 400	 1.1	 0.3	
28	 1404	 400	 1.3	 0.3	
Synechocystis		
+10%	NaNO3	
7	 470	 400	 0.7	 0.2	
14	 764	 400	 0.9	 0.25	
21	 779	 400	 1.2	 0.3	




7	 243	 400	 1.0	 0.25	
14	 205	 400	 1.6	 0.4	
21	 171	 400	 1.9	 0.5	











The	effect	of	using	different	N	 sources	on	 the	 lipid	accumulation	 in	D.	armatus	was	
examined.	Table	4.5	shows	that	NaNO3	at	low	concentration	(10%)	was	the	best	source	
of	nitrogen	for	D.	armatus	lipid	production	because	it	accumulated	the	highest	amount	


















5	 300	 200	 2.3	 1.15	
11	 775	 200	 8.9	 4.5	
21	 900	 200	 16.5	 8.25	
28	 980	 200	 29.9	 15	
D.armatus	
+Urea		BG11		
5	 130	 200	 2.4	 1.2	
11	 266	 200	 2.7	 1.35	
21	 551	 200	 1.9	 0.7	
5	 642	 200	 2.3	 1.25	
D.armatus		+	
NH4Cl		BG11	
5	 77	 200	 2.5	 1.25	
11	 135	 200	 2.4	 1.2	
21	 215	 200	 1.2	 0.6	
28	 229	 200	 1.8	 0.9	
	
Table	 4.6	 shows	 interesting	 results	 of	 the	 effect	 of	 N	 sources	 on	 the	 neutral	 lipid	


























6	 470	 400	 0.7	 0.2	
12	 764	 400	 0.8	 0.2	
15	 779	 400	 1.1	 0.3	
18	 795	 400	 1.4	 0.35	
Synechocystis+NH4Cl		
BG11	
6	 522	 400	 0.8	 0.2	
12	 676	 400	 0.7	 0.2	
15	 641	 400	 2.0	 0.5	
18	 661	 400	 2.4	 0.6	
Synechocystis	+Urea		
BG11	
6	 118	 400	 1.2	 0.3	
12	 113	 400	 1.1	 0.35	
15	 101	 400	 1.0	 0.25	















of	 neutral	 lipid	was	 observed	under	 this	 stress	 condition.	 The	 results	 in	 Figure	 4-17	



















































































1	 -CH3	of	PUFA	 9	 11	
1.4		 -(CH2)	n	of	all	FA	 149	 680	
1.62	 CH2CH2C =O of 





















fluorescence	 varies	 depending	 on	 the	 algal	 species.	 Therefore,	 different	 parameters	












wall	 and	 cytoplasmic	 membrane	 which	 might	 affect	 the	 penetration	 of	 dye	 and	
consequently	 it	will	not	 reach	the	target	 (intracellular	 lipid)	 (Chen	et	al.	2011)	Many	
studies	found	that	DMSO	was	a	good	organic	solvent	to	be	exploited	as	a	stain	carrier	
with	Nile	Red	in	terms	of	increasing	the	fluorescent	intensity	as	much	as	10-fold	(Chen	
et	 al.,	 2009;	 Frick	et	 al.,	 2014)	 than	other	 solvents	 used	 including	 acetone,	 ethanol,	
ethylene	glycol,	and	diaminotetraacetic	acid	(Cooksey	et	al.,	1987;	Castell	and	Mann,	
1994;	Doan	and	Obbard,	2011;	Siegler	et	al.,	2012;	Wong	et	al.,	2014).		
Two	 microwave	 steps	 in	 combination	 with	 an	 organic	 solvent	 have	 revealed	
that	 the	 neutral	 lipid	 content	 of	 the	 algal	 cells,	 in	 terms	 of	 fluorescent	
intensity,	 was	 increased.	 Previous	 experiments	 found	 that	 the	 fluorescent	
intensity	 of	 the	 algal	 cells	 was	 lower	 when	 using	 organic	 solvent	 alone	 even	 at	
high	 concentration	 because	 of	 the	 fluorescence	 quenching	 of	 Nile	 Red	 under	
high	 concentration	 of	 DMSO	 (Chen	 et	 al.,	 2009).	 The	 influence	 of	 two	 steps	 of	
microwaving	 on	 the	 marked	 increase	 in	 the	 fluorescence	 intensity	 of	 D.	








The	 influence	 on	 Nile	 Red	 staining	 of	 different	 concentrations	 of	 D.	 armatus	
and	 Synechocystis	 cells	 was	 determined	 due	 to	 the	 fact	 that	 the	 Nile	 Red	 (NR)	
staining	 varies	 with	 the	 cell	 concentration.	 The	 results	 are	 shown	 in	 Figures	
4.3	 and	 4.4	 respectively	 and	 50%	 of	 cell	 concentration	 (=24*104cells)	 with	 14	
minutes	 staining	 time	 was	 selected	 as	 the	 optimum	 conditions	 for	 D.	 armatus	
cells.	 While	 75%	 cell	 concentration	 (=15*106cells)	 with	 20	 minutes	 staining	
time	 was	 chosen	 as	 the	 best	 conditions	 for	 Synechocystis	 cells.	 The	 selection	
of	 optimum	 concentration	 of	 D.	 armatus	 and	 Synechocystis	 cells	 were	 based	
on	 the	 balance	 between	 the	 cell-normalised	 value,	 the	 ratio	 of	
NR/concentration	 of	 algal	 cells,	 and	 the	 time	 of	 staining.	 The	 normalization	
technique	 was	 used	 because	 it	 is	 an	 accurate	 method	 to	 compare	 the	
fluorescent	 intensity	 readings	 of	 the	 same	 sample	 or	 different	 samples;	 they	
were	 prepared	 at	 the	 same	 cell	 density	 or	 the	 same	 amount	 of	 biomass	 (Chen	
et	al.,	2009).	
The	 ratio	 of	 NR/cells	 plays	 an	 important	 role	 for	 precise	 measurement	 of	
neutral	 lipid	 in	 cells.	 Pick	 and	 Rachutin-zalogin,	 (2012)	 reported	 that	 a	 high	
ratio	 of	 NR/cells	 was	 not	 favourable	 because	 it	 causes	 stacking	 of	 Nile	 Red	
dye,	 and	 consequently	 raises	 the	 possibility	 of	 quenchers	 in	 the	 samples.	 The	
excitation/emission	 wavelengths	 (485/580	 nm)	 were	 chosen	 based	 on	 the	
results	 of	 Chen	 et	 al.,	 (2011),	 	 who	 found	 the	 optimal	 excitation/emission	
wavelengths	for	Scendesmus	sp.	were	490/580	nm.	
Moreover,	 the	 time	 of	 staining	 for	 the	 algal	 cells	 with	 Nile	 Red	 is	 considered	
to	 be	 a	 crucial	 factor	 for	 achieving	 the	 highest	 fluorescence	 intensity	 and	 it	
largely	 depends	 on	 the	 cell	 wall	 structure	 of	 the	 selected	 strain	 and	 therefore	
it	 is	 species	 dependent	 (Balduyck	 et	 al.,	 2015).	 Our	 results	 showed	 that	 the	




D.armatus	 because	 the	 fluorescence	 intensity	 was	 slightly	 decreased	 with	 20	
minutes	 incubation.	 On	 the	 other	 hand,	 20	 minutes	 was	 selected	 to	 be	 an	
optimal	 staining	 time	 for	 Synechocystis	 because	 the	 fluorescence	 intensity	
was	 higher	 after	 20	 minutes	 in	 comparison	 with	 14	 minutes.	 In	 general,	 Pick	
and	 Pick	 and	 Rachutin-zalogin,	 (2012)	 stated	 that	 the	 values	 of	 fluorescence	
intensity	 deceased	 between	 (50%-90%)	 after	 20	 min	 staining	 with	 Nile	 Red	
due	 to	 the	 quenching	 with	 long	 staining	 time	 because	 of	 the	 stacking	 of	 Nile	
Red	 molecules,	 partial	 solubility	 of	 different	 concentration	 of	 Nile	 Red	 or	
quenchers	of	the	sample.	
4.3.3 Influence	of	Nile	Red	concentration	
The	 influence	 of	 Nile	 Red	 concentrations	 on	 the	 quantification	 of	 fluorescent	
intensity	 were	 investigated	 in	 both	 D.	 armatus	 and	 Synechocystis	 sp.	 as	
shown	 in	 section	 4-2-2-2.	 	 The	 optimum	 Nile	 red	 concentration	 was	 selected	
based	 on	 the	 balance	 between	 high	 and	 low	 Nile	 Red	 concentrations	 because	
of	 the	 drawbacks	 of	 relying	 on	 the	 lowest	 or	 highest	 concentration.	 The	
optimum	 concentration	 of	 Nile	 Red	 for	 D.	 armatus	 was	 (1	 µg	 ml-1),	 and	 for	
Synechocystis	 (1.3	 µg	 ml-1).	 The	 importance	 of	 dye	 concentration	 was	 related	
to	 the	 fact	 that	 the	 fluorescence	 intensity	 varies	 based	 on	 the	 concentration	
with	 an	 increase	 in	 the	 dye	 concentration	 above	 	 the	 optimal	 one,	 then	 the	
fluorescence	 	 decreased	 with	 the	 further	 increase	 in	 the	 dye	 concentration		
probably	 because	 of	 excess	 intense	 collisional	 quenching	 of	 the	 dye	
molecules	 at	 high	 concentration	 (Lakowicz,	 2006).	 Several	 papers	 have	
reported	 that	 the	 fluorescence	 intensity	 depends	 on	 the	 concentration	 of	 Nile	
Red.	 (Chen	 et	 al.,	 2009;	 Huang	 et	 al.,	 2009;	 Xu	 et	 al.,	 2013).	 Greenspan	 et	 al.,	
(1985)	 referred	 to	 the	 fact	 that	 at	 low	 concentration	 the	 interaction	 between	
the	 Nile	 Red	 dye	 and	 hydrophobic	 core	 is	 increased.	 Furthermore,	 the	
quenching	 of	 the	 dye	 was	 decreased	 when	 compared	 with	 excess	 of	 Nile	 Red.	
However,	 Pick	 and	 Rachutin-zalogin,	 (2012)	 observed	 that	 low	 concentration	
of	 Nile	 Red	 affect	 on	 the	 interaction	 between	 the	 dye	 and	 lipid	 droplets	 and	
consequently	 decrease	 the	 possibility	 of	 the	 dye	 to	 access	 through	




concentration	 would	 probably	 lead	 to	 it	 reacting	 not	 only	 with	 the	 neutral	
lipids	 but	 also	 with	 the	 phospholipidic	 coat	 and	 hydrophobic	 surface	 of		
proteins	 (Sackett	 and	 Wolff,	 1987).	 Overall,	 the	 optimum	 concentration	 of	
Nile	 Red	 for	 microalgae	 staining	 ranged	 between	 (0.1-100	 µg	 ml-1)	 depending	
on	 different	 species	 (Chen	 et	 al.,	 2009;	 Huang	 et	 al.,	 2009;	 Govender	 et	 al.,	
2012).	
4.3.4 Influence	of	Salinity	on	the	neutral	lipid	accumulation		
Figure	 4.7	 and	 Table	 4.1	 showed	 the	 influence	 of	 salinity	 on	 the	 neutral	 lipid	













month	 of	 growth	 the	 neutral	 lipid	 content	 decreased	 in	 contrast	with	 normal	 BG11	
medium.	 These	 results	 agreed	 with	 (Songruk	 et	 al.,	 2015)	 who	 found	 that	 the	 low	













BG11	 significantly	 enhanced	 (t-test	 =0.01)	 the	 neutral	 lipid	 content	 (61	 	 µg	ml-1)	 in	
comparison	with	other	nitrogen	starvation		concentration	25%	NaNO3	(1.6	µg	ml-1)	and	













For	 Synechocystis,	 Figure	 4.10	 and	 Table	 4.4	 illustrated	 the	 influence	 of	 nitrogen	
depletion	on	the	neutral	lipid	content.	N	Free	BG11	medium	was	found	to	be	an	ideal	
stress	 condition	 because	 of	 the	 significant	 increase(t-test	 =0.03)	 in	 the	 neutral	 lipid	
content	(2.9	µg	ml-1)	when	compared	with	the	neutral	lipid	content	of	normal	BG11	(1.3	
µg	 ml-1)	 and	 10%	 NaNO3	 (1.4	 µg	 ml-1)	 respectively.	 These	 results	 disagreed	 with	
(Monshupanee	and	Incharoensakdi,	2013)	who	demonstrated	that	nitrogen	starvation	
did	 not	 dramatically	 increase	 the	 lipid	 content	 (in	 form	 of	 Diacyl	 glycerol	 DAG)	 of	
Synechocystis	 PCC6803	 in	 comparison	 with	 significant	 increase	 of	 glycogen	 and	
polyhydroxybutyrate	(PHB).	Moreover,	our	results	disagreed	with	Sheng	et	al.,	(2011),		
who	 reported	 that	 an	 attempt	 to	 increase	 the	 lipid	 content	 of	 Synechocystis	 were	
restricted	 when	 he	 tried	 different	 solvents	 to	 evaluate	 the	 ideal	 method	 for	 lipid	
























2016).	 Furthermore,	 (Makarevi	 et	 al.,	 (2011)	 reported	 that	 urea	 represents	 the	
optimum	source	of	nitrogen	in	terms	of	biomass	productivity	under	low	concentration	
of	 NaNO3.	 Some	 species	 of	Chlorella	preferred	 ammonium	 as	 their	 nitrogen	 source	





starvation	 in	 combination	 with	 replacing	 NaNO3	 by	 NH4Cl	 as	 a	 source	 of	 nitrogen.	
Moreover,(Richter	 et	 al.,	 (1999)	 	 demonstrated	 that	 Synechocystis	 and	 other	























fatty	 acid	 in	 Scenedesmus	 cells	 under	 stationary	 growth	 phase	 	 (with	 different	
percentages)	 	were	palmitic	 acid,	 linoleic	 acid,	 alpha	 linoleic,	 hexadecane-tetraenoic	
acid	 and	 oleic	 acid.	 Moreover,	 the	 percentage	 of	 unsaturated	 fatty	 acids	 in	 our	D.	
armatus	strain	is	favourable	as	a	biodiesel	resource	world	wide	(SFA	39%,	MUFA	5%,	
PUFA	 56%)	 and	 it	 was	 a	 bit	 lower	 in	 comparison	 with	 other	 Scenedesmus	 sp.	 and	
soybean	oil	(Ramos	et	al.,	2009;	Gour	et	al.,	2016).	The	occurrence	of	oleic	methyl	ester	
in	 biodiesel	 develops	 the	 properties	 of	 biodiesel	 (Knothe,	 2008;	 Prabakaran	 and	















of	 glycerides,	 fatty	 acids	 and	 other	 components	 as	 described	 in	 Table	 4.7.	 These	
chemical	 shift	 signals	 were	 distinguished	 based	 on	 the	 comparison	 with	 spectral	
features	of	soybean,	and	fish	oil	according	to	(Kumar	et	al.,	2014;	Sarpal	et	al.,	2015).	
The	 algal	 extract	 shows	 signals	 at	 4.2,	 4.36,	 and	5.36	ppm	which	 are	 related	 to	 the	
proton	signals	of	different	triglyceride	moieties.	Signals	at	0.8	ppm	are	related	to	the	
terminal	methyl	groups	of	 saturated	C14,	C18	or	n-6	 /n-9	of	unsaturated	 fatty	acids	
C18:1,	C18:2,	while	the	signals	at	1	ppm	belonged	to	terminal	methyl	group	of	n-3	types	













































solve	 the	 common	 worldwide	 problems	 related	 to	 fossil	 fuel	 exhaustion	 and	
greenhouse	 gas	 emissions	 (Chisti,	 2007).	 However,	 the	 production	 cost	 of	 biodiesel	
from	 microalgae	 is	 till	 now	 one	 of	 the	 main	 barriers	 that	 require	 hard	 efforts	 to	
overcome	 to	 be	 economically	 feasible.	 Therefore,	 to	 address	 this	 crucial	 problem,	
improvements	 in	 algal	 biomass	 production	 and	 the	 rate	 of	 lipid	 biosynthesis	 are	
required	because	they	represent	the	main	factors	that	have	a	large	effect	on	reducing	
the	 cost	 of	 biodiesel	 production.	 	 However,	 it	 is	 recognised	 that	 increasing	 lipid	
synthesis	almost	invariably	deceases	biomass	levels	(Sharma	et	al.,	2012).		
An	improvement	in	the	algal	strain	lipid	yield	can	be	achieved	by	two	main	approaches:	
metabolic	 (biochemical)	 engineering	 as	 described	 in	 Chapter	 4	 of	 this	 thesis	 using	
environmental	 stresses	 such	 as	 nitrogen	 limitation	 and	 genetic	 engineering	 using	
overexpression	of	enzymes	or	blocking	of	competing	metabolic	pathways	(Manuelle	et	
al.,	2009).		For	the	latter	approach,	random	mutagenesis	(Doan	and	Obbard,	2012)	or	
insertional	mutagenesis	 tools	 (Terashima	et	 al.,	 2015)	 can	be	used.	 	 Transformation	
systems	 for	 algae	 were	 initially	 developed	 in	 diatoms	 such	 as	 Phaeodactylum	
tricornutum	 (Zaslavskaia	et	al.,	2000)	and	then	expanded	to	 include	green	algae	e.g.	
Chlamydomonas	reinhardtii		and	the	eustigmatophyte	alga	Nannochloropsis	(Kilian	et	
al.,	 2011).	 Initially,	 the	 percentage	 of	 successful	 results	 was	 not	 high,	 essentially	
because	 the	 function	of	 key	 genes	 and	enzymes	 that	 regulate	 the	 lipid	metabolism,	
synthesis,	 and	 accumulation	 in	 many	 algae	 species	 were	 not	 recognised	 (Khozin-
goldberg	and	Cohen,	2011).	However,	our	understanding	of	algal	lipid			metabolism	is	
improving,	but	this	is	nonetheless	a	barrier	to	advanced	genetic	engineering	of	algae.	
Inducing	 random	mutations	 shows	 a	 significant	 benefit	 in	 comparison	 with	 genetic	
engineering	 tools	 basically	 because	 it	 does	 not	 require	 an	 investigation	 of	 the	








on	 the	 same	 strand	of	DNA.	Mutations	 caused	by	UV	 are	 generally	 detected	 at	 the	


















out	 the	 problems	 related	 to	 selection	 of	 mutant	 cells.	 	 Thousands	 of	 cells	 can	 be	
investigated	per	second,	and	consequently	this	technique	began	a	new	period	of	quick	












and	 sometimes	 phycobilins)	 that	 show	 robust	 fluorescence	 intensity	 in	 combination	
with	lipid	binding	dyes	such	as	Nile	Red	and	BODIPY	(Cirulis	et	al.,	2012).	The	mutant	
cells	then	can	be	sorted	from	a	mixture	of	cells	by	fluorescence	activated	cell	sorting	
(FACS)	 technique.	 FACS	 permits	 a	 single	 mutated	 cell	 to	 be	 automatically	 sorted	












































































The	 proper	 use	 of	 Nile	 Red	 staining	 solution	 is	 crucial	 to	 achieve	 the	 highest	
fluorescence	 and	 consequently	 produce	 the	 ideal	 staining	 of	 target	 clones.	 	 Serial	
concentrations	 of	 Nile	 Red	 dissolved	 in	 DMSO	 were	 prepared	 to	 optimise	 an	
appropriate	concentration	to	be	used	in	the	flow	cytometry	technique	as	described	in	
section	2.13.2.		Table	5.1	showed	the	analysis	of	Flow	cytometry	results	using	flow	Jo	















1	 unstained	 10289	 22	 2.71	
2	 0.1	 10269	 6963	 78.1	
3	 0.2	 10205	 8555	 88.8	
4	 0.4	 10199	 8973	 92.3	
5	 0.6	 10248	 8941	 91.6	
6	 0.8	 10159	 9662	 97	






































the	wild	 type	 (zero	min	 –	 no	 exposure	 to	 UV)	 showed	 a	 clear	 enhancement	 in	 the	
biomass	 in	 terms	 of	 cell	 counts	 for	 8	 days,	while	 the	UV-exposed	 strains	 showed	 a	



















































terms	of	 the	median	of	 the	UV	exposure	 time	and	 the	biggest	value	of	neutral	 lipid	









zero	min	 99.8	 3726	 0.3	
9	min	 99.2	 4654	 0.8	
12	min	 99.7	 6055	 1.6	
24min	 99.8	 7303	 2.2		
30	min	 99.7	 7514	 3.0	
36	min	 99.5		 5436	 1.7	
48	min	 99.6	 4389	 1.0	














































































(Table	 5.4)	 shows	 approximately	 doubled	 increase	 in	 the	 neutral	 lipid	 content	 and	 lipid	


















H5	+BG11	 870	 200	 8.5	 4.25	
H5+N	free	
BG11	
370	 200	 37	 18.5	
H12	+BG11	 820	 200	 13	 6.5	
H12+Nfree	
BG11	
















Among	 various	 conventional	 techniques	 used	 for	 measuring	 the	 algal	 lipid	
contents,	 flow	 cytometry	 has	 become	 the	 most	 common	 and	 favourable	
technique	 for	 determining	 the	 algal	 lipid	 yields	 even	 with	 single	 cell	
resolution.	 	 The	 distinct	 features	 of	 flow	 cytometry	 are	 use	 of	 the	 instrument	
is	 low	 cost	 and	 the	 instruments	 are	 commonly	 found	 in	 universities	 and	
hospitals,	 the	 measuring	 protocol	 for	 the	 lipid	 yield	 is	 easy	 and	 well-known	
and	 simultaneously	 can	 be	 exploited	 to	 measure	 other	 parameters	 like	 the	
cell	 size;	 granularity,	 autoflourscence	 of	 pigments	 (chlorophyll,	 carotenoids),	
and	 the	 enzyme	 activity	 of	 the	 single	 cell.	 Moreover,	 the	 fast	 characterisation	
and	 sorting	 of	 cells	 by	 flow	 cytometry	 allows	 the	 investigation	 and	
identification	 of	 desired	 yield	 of	 cells	 and	 the	 achievement	 of	 an	 axenic	
culture	(Montero,	et	al.,	2011;	Hyka	et	al.,	2013;	Chioccioli	et	al.,	2014).	
Many	 studies	 stated	 that	 flow	 cytometry	 is	 a	 promising	 tool	 for	 measuring	 the	
algal	 lipid	 content	 on	 a	 single–cell	 basis	 in	 combination	 with	 a	 lipophilic	 probe	
such	 as	 Nile	 Red	 and	 BODIPY	 (Guzmán	 et	 al.,	 2011;	 Satpati	 et	 al.,	 2016).	 Cirulis	
et	 al.,	 (2012)	 stated	 that	 NR	 is	 more	 desirable	 than	 BODIPY	 to	 stain	
microalgae	 because	 the	 NR	 fluorescence	 signal	 is	 less	 effected	 by	 the	 overall	
concentrations	 of	 dye.	 	 	 Both	 DMSO	 as	 an	 organic	 solvent	 for	 the	 dye	 and	 Nile	
Red	 concentration	 were	 optimised	 to	 enhance	 the	 effectiveness	 and	
efficiency	 of	 NR	 to	 stain	 the	 neutral	 (intracellular)	 lipids.	 Fifteen	 %	
concentration	 was	 recorded	 to	 be	 the	 best	 concentration	 of	 DMSO.	 These	
results	 disagreed	 with	 Satpati	 and	 Pal,	 (2014)	 in	 which	 they	 reported	 that	 40%	
was	 an	 optimum	 concentration	 of	 DMSO	 for	 achieving	 high	 fluorescent	
intensity	 of	 Nile	 Red.	 Our	 results	 found	 that	 the	 optimum	 concentration	 of	 NR	
was	 0.8	 µg/ml	 which	 agreed	 with	 the	 values	 of	 Cabanelas	 et	 al.,	 (2016).	
Moreover,	 our	 results	 were	 close	 to	 Chen	 et	 al.,	 (2009)	 who	 reported	 that	 0.5	
µg/ml	 was	 the	 optimum	 concentration	 of	 NR.	 In	 contrast,	 our	 results	 again	
disagreed	 with	 Satpati	 and	 Pal,	 (2014)	 who	 recorded	 that	 5	 µg/ml	 was	 the	




Overall,	 the	 selection	 of	 the	 optimum	 concentration	 of	 NR	 varies	 between	
different	 microalgal	 species,	 because	 each	 microalgal	 strain	 has	 a	 different	
response	 to	 NR	 fluorescence	 in	 terms	 of	 their	 cell	 wall	 composition	 which	
effects	 the	 penetration	 of	 NR	 through	 the	 cells	 and	 the	 organic	 solvent	 used	
as	 a	 stain	 carrier	 (Rumin	 et	 al.,	 2015).	 The	 optimum	 concentration	 of	 Nile	 Red	
was	 selected	 based	 on	 the	 highest	 fluorescent	 intensity	 of	 D.	 armatus	 cells	
which	was	97%	after	flow	cytometry	analysis.		
5.3.2 	Random	mutation	of	D.	armatus	cells		
Various	 tools	 have	 been	 utilised	 to	 enhance	 the	 lipid	 content	 of	 the	
microalgae.	 Among	 these	 methods,	 mutagenesis	 has	 been	 reported	 to	 be	 an	
ideal	 protocol	 to	 breed	 an	 algal	 strain	 with	 a	 remarkable	 increase	 in	 the	 lipid	
content	 (Manandhar-Shrestha	 and	 Hildebrand,	 2013).	 Random	 mutagenesis	
is	 the	 easiest	 approach	 for	 dramatic	 increases	 in	 the	 metabolite	 productivity	
of	 microorganisms	 including	 lipid	 accumulation.	 However,	 the	 main	 drawback	
is	 that	 its	 accuracy	 level	 is	 low	 therefore,	 the	 screening	 of	 the	 highest	 putative	
mutant	 is	 crucial	 (Carlton	 and	 Brown,	 1981).	 	 Ultra	 Violet	 light	 has	 been	 used	
successfully	 to	 induce	 random	 mutation	 in	 microalgal	 cells	 that	 led	 to	
significant	 increases	 in	 the	 lipid	 accumulation	 in	 microalgal	 cells	 (Bougaran	 et	
al.,	 2012;	 Vigeolas	 et	 al.,	 2012;	 Anthony	 et	 al.,	 2015).	 Our	 results	 revealed	 a	
significant	 decrease	 in	 the	 growth	 of	 the	 cells	 particularly	 those	 exposed	 to	
UV-C	 for	 long	 time	 (30,	 48,	 60	 min)	 that	 agreed	 with	 Friesner	 et	 al.,	 (2004)	
and	 Anthony	 et	 al.,	 (2015)	 who	 also	 reported	 that	 UV	 decreased	 the	 biomass	
of	 the	 irradiated	 microalgae.	 Both	 UV-C	 and	 UV-B	 exposure	 cause	 an	
abundance	 of	 DNA	 photoproducts	 which	 probably	 enhances	 the	 opportunity	
for	 mutation	 during	 cell	 replication	 (Jiang	 and	 Taylor,	 1993)	 Moreover,	 Sato	 et	
al.,	 (1995)	 documented	 that	 the	 growth	 rate	 of	 UV	 mutated	 Chlamydomonas	








	The	 results	 of	 our	 study	 revealed	 the	 utilisation	 of	 flow	 cytometry	 in	
combination	 with	 Nile	 Red	 to	 investigate	 the	 optimum	 UV	 exposure	 duration	
that	 led	 to	 the	 production	 of	 a	 high	 value	 mutated	 cell	 with	 high	 lipid	 content.	
UV	 exposure	 time	 of	 30	 min	 was	 found	 to	 be	 the	 optimum	 time	 for	 inducing	
random	 mutation	 in	 D.	 armatus	 cells	 in	 terms	 of	 high	 median	 values	 with	
reference	 to	 the	 lipid	 content.	 Our	 results	 closely	 agreed	 with	 Liu	 et	 al.,	
(2015)	 who	 stated	 that	 24	 min	 exposure	 to	 UV	 was	 the	 best	 duration	 to	
produce	mutant	cells.		
Several	 reports	 documented	 that	 flow	 cytometry	 was	 successfully	 utilised	 for	
evaluation	 and	 screening	 of	 the	 lipid	 droplets	 in	 mutated	 and	 parent	 algal	
cells.	 Doan	 and	 Obbard,	 (2012)	 exploited	 random	 induced	 mutagenesis	 to	
evaluate	 the	 increase	 in	 neutral	 lipid	 composition	 in	 Nannochloropsis	 sp.	 cells	
using	 flow	 cytometry	 with	 NR.	 Bougaran	 et	 al.,	 (2012)	 reported	 a	 remarkable	
rise	 in	 lipid	 yield	 after	 flow	 cytometry	 analysis	 of	 Isochrysis	 galbana.	 Another	
study	 confirmed	 the	 active	 uses	 of	 flow	 cytometry	 for	 screening	 of	 mutant	
cells	 with	 rich	 lipid	 content	 in	 Chlorella	 sp.	 effectively	 exploited	 flow	
cytometry	 to	 differentiate	 mutant	 cells	 with	 perturbed	 lipid	 yield	 from	 a	
collection	 of	 1800	 transformants	 and	 consequently	 determined	 the	
phenotype	in	31	mutants	(Manandhar-Shrestha	and	Hildebrand,	2013)		
5.3.4 Florescence	Activated	cell	sorting	(FACS)	
FACS	 technique	 was	 used	 effectively	 to	 separate	 the	 UV	 mutated	 D.	 armatus	
cells	 that	 showed	 hyperlipidic	 content	 in	 comparison	 with	 the	 wild	 type	 cells.	
Using	 single	 cell	 technique,	 individually	 sorted	 NR	 stained	 cells	 were	 grown	 in	
96	 well	 plates.	 	 Among	 13	 single	 generated	 sorted	 cells,	 a	 cell	 with	
hyperaccumlation	 of	 lipids	 (5	 fold	 higher	 than	 the	 wild	 type	 cells)	 was	
successfully	 separated	 using	 FACS.	 Although	 there	 are	 several	 conventional	
techniques	 that	 can	 be	 utilised	 for	 the	 selection	 of	 cells	 with	 distinct	 features	
that	 can	 be	 conducted	 manually	 like	 infinite	 dilution	 or	 micro	 operation,	 FACS	





	Various	 reports	 documented	 the	 efficient	 role	 of	 FACS	 techniques	 for	
isolation	 of	 cells	 with	 desired	 traits	 as	 revealed	 through	 flow	 cytometry.	
(Montero	 et	 al.,	 2011)	 reported	 firstly	 the	 combination	 of	 flow	 cytometry	 and	
FACS	 to	 detect,	 separate	 and	 select	 the	 cells	 with	 rich	 lipid	 yield	 from	 cultures	
of	 Tetraselmis	 suecica.	 Moreover,	 in	 recent	 years	 FACS	 tool	 has	 been	 used	
widely	 to	 isolate	 mutant	 cells	 with	 hyper	 lipid	 content	 from	 Nannochloropsis	
(	 Doan	 and	 Obbard,	 2012),	 Chlamydomonas	 reinhardtti	 (Velmurugan	 et	 al.,	
2013;	 Xie	 et	 al.,	 2014;	 Terashima	 et	 al.,	 2015)	 and	 Chlorella	 (Manandhar-
Shrestha	 and	 Hildebrand,	 2013).	 Our	 results	 revealed	 a	 high	 percentage	 of	
cells	 stained	 with	 NR	 were	 recovered	 after	 FACS.	 The	 toxicity	 of	 dye,	 the	
organic	 solvent	 (DMSO,	 acetone)	 and	 the	 FACS	 procedure	 are	 the	 initial	
factors	 that	 play	 a	 crucial	 role	 on	 the	 cell	 viability	 after	 FACS	 process.	 Our	
results	 agreed	 with	 (Terashima	 et	 al.,	 2015;	 Cabanelas	 et	 al.,	 2016)	 who	 also	
reported	 that	 a	 high	 percentage	 of	 stained	 sorted	 cells	 were	 recovered	 after	
FACS	 operation.	 While	 our	 results	 disagreed	 with	 Velmurugan	 et	 al.,	 (2013)	
who	 documented	 that	 the	 sorted	 NR	 stained	 C.	 reinhardtti	 cells	 failed	 to	
recover	 from	 the	 sorting	 process.	 The	 recovery	 rate	 differences	 are	 probably	
because	 we	 washed	 the	 cells	 with	 PBS	 2-3	 times	 after	 staining	 to	 remove	 any	









(H5)	 (18.5%).	 Our	 result	 agreed	 with	 Xie	 et	 al.,	 (2014)	 who	 showed	 a	 massive	
enhancement	in	the	lipid	content	of	FACS	sorted	Chlamydomonas	reinhardtii		after	N		
starvation.	Morover,	Satpati	and	Pal,	 (2015)	reported	an	 increase	 in	the	neutral	 lipid	























































of	 local	 fresh	 water	 microalgal	 strains	 from	Weston	 Park	 in	 Sheffield	 (UK).	 Various	
techniques	were	 used	 to	 achieve	 an	 axenic	 strain	 including	 streaking	 on	 agar	 plate,	




identification	approaches	are	now	required	 for	accurate	 taxonomy	of	 the	microalgal	
cells.	Ribosomal	DNA	 (in	particular	18S	 rDNA)	 is	 the	 	 	 common	DNA	marker	used	 to	
eliminate	the	gaps	in	the	precise	taxonomy	of	microalgal	species.	However,	our	results	
highlighted	that	using	18S	rDNA	alone	as	a	molecular	marker	did	not	lead	to	a	species	
identification	of	 the	 isolated	alga.	Our	 results	outlined	 that	 the	 Internal	 Transcribed	
Spacer	(ITS)	region	(including	ITS1,5.8	S	rDNA	and	ITS2	sequences)	emerged	as	valuable	
DNA	 barcodes	 that	 can	 solve	 the	 close	 evolutionary	 relationship	 between	
Desmodesmus	 and	 Scenedesmus.	 	 Final	 identification	 of	 our	 local	 isolate	 that	 as	
Desmodesmus	armatus	was	based	on	the	sequences	of	18S	rDNA,	5.8S	rDNA,	ITS1	and	
ITS2.	Moreover,	the	phylogenetic	tree	construction	confirmed	the	precise	taxonomy	of	




of	 both	 D.	 armatus	 and	 Synechocystis	 sp.	 based	 on	 a	 flourometric	 approach	 in	
combination	with	the	lipophilic	Nile	Red	dye.	DMSO	is	the	organic	solvent	that	was	used	
to	facilitate	the	transition	of	NR	through	the	algal	cells	for	the	accurate	in	situ	detection	





the	 fluorescence	of	 the	dye	with	 the	 TAG	 content	 of	 the	microalgal	 cells	while,	 the	
gravimetric	method	evaluation	required	extraction	of	total	lipid	from	the	algal	biomass	
using	 various	 organic	 solvents	 that	 might	 trigger	 loss	 of	 some	 lipid	 content	 during	
extraction.	 Also,	 gravimetric	 measurements	 are	 for	 all	 lipids	 present,	 whereas	 NR	
specifically	measures	TAG.	Moreover,	 the	 fluorescence	measurement	can	be	utilised	




The	 first	 step	 in	 measurement	 of	 the	 neutral	 lipid	 content	 of	 D.	 armatus	 and	
Synechocystis	 strains	 started	 with	 the	 optimisation	 of	 the	 cell	 concentration,	 dye	
concentration	and	incubation	time	in	the	presence	of	the	dye	to	avoid	any	probability	
of	NR	fluorescence	quenching	because	NR	fluorescence	varies	based	on	the	species	and	
the	 conditions	 of	 the	 assessment	 (Halim	 and	 Webley,	 2015).	 Various	 cultivation	
conditions	were	performed	to	induce	the	TAG	accumulation	in	both	strains.	Our	results	
revealed	that	nitrogen	starvation	was	the	optimal	stress	condition	in	which	both	strains	
accumulated	 the	 highest	 yield	 of	 neutral	 lipid.	However,	 the	maximum	neutral	 lipid	
production	under	N	starvation	in	Synechocystis	cells	was	much	less	than	D.		armatus	
because	Synechocystis	sp.	cells	tend	to	produce	high	amounts	of	glycogen	as	the	main	
storage	product	while	neutral	 lipid	was	produced	at	 a	 low	 level	 (Monshupanee	and	
Incharoensakdi,	2013).		A	recent	study	stated	that	N	starvation	is	an	ideal	approach	to	




photosystems.	 Thus,	 any	 shortage	 in	 the	nitrogen	 source	 leads	 to	 inhibition	of	both	
structural	 and	 physiological	 components	 of	 the	 cells	 including	 the	 degradation	 of	
chlorophyll	and	thylakoid	membranes.	Under	N	starvation,	photosynthesis	cannot	be	










as	a	non-polar	 solvent.	 	This	 revealed	 interesting	data	as	N	starved	D.	armatus	 cells	
accumulated	 both	 PUFA	 i.e.	 linoleic	 acid	 C18:2	 (n6c)	 and	 saturated	 fatty	 acids	 i.e.	
palmitic	 acid	 C16:0.	 These	 two	 fatty	 acids	 dominated	 the	 free	 fatty	 acids	 (FFA)	
percentage	of	the	lipid	profile	after	transesterification	of	the	TAG.	The	FFA	content	plays	
a	crucial	 role	 in	 selecting	microalgae	 isolated	 from	various	aquatic	environments	 for	
commercial	 utilisation	 as	 an	 optimum	 source	 for	 biodiesel	 production.	 In	 our	
experiment	Tridecanoic	acid	methyl	ester	(C13:0)	was	exploited	as	an	internal	standard	
and	 the	 FAME	 quantification	was	 carried	 out	 based	 on	 peak	 area	 of	 each	 FAME	 in	
comparison	 with	 that	 of	 the	 internal	 standard.	 Moreover,	 a	 mixture	 of	 fatty	 acid	
standards	 (C4-C24)	 is	 used	 as	 an	 additional	 standard	 to	 estimate	 the	 lipid	
concentrations	 depending	 on	 the	 peak	 areas	 ratio.	 Gas	 chromatography	 is	 a	
chromatographic	approach	that	is	commonly	used	to	separate	a	mixture	of	lipids	(fatty	
acids)	based	on	size	and	uses	various	standards	to	distinguish	the	separated	lipids.	Mass	
spectrometry	 is	 generally	 used	 in	 combination	 with	 GC	 to	 further	 identify	 the	 lipid	
content	based	on	the	relation	between	their	mass	when	ionised	and	split	in	the	mass	
spectrometer	(Paik	et	al.,	2009).				






the	 equipment	 and	 nuclei	 of	 atoms	 in	 the	 sample	 and	measured	 the	 resonant	 rate	













values	 in	 fluorescence	 activated	 cell	 sorting	 (FACS).	 Random	mutation	 using	 various	
physical	and	chemical	mutagens	is	considered	to	be	an	optimum	tool	to	overcome	the	
problem	of	the	high	cost	of	biodiesel	produced	from	microalgae	and	to	help	make	it	





















• Molecular	 identification	 using	 various	 DNA	markers	 (18S	 rDNA,	 5S	 rDNA,	
ITS1,	 and	 ITS2	 sequences)	 is	 an	 optimum	 approach	 for	 the	 accurate	
classification	 and	 construction	 of	 the	 phylogenetic	 tree	 of	 unknown	
microalgae.		
	





































such	 as	 Raman	 spectroscopy,	 and	 Fourier	 transform	 infrared	
spectroscopy	 (FTIR)	 to	 assess	 the	 optimum	 method	 of	 lipid	
quantification.	
	
• Further	 investigation	 of	 the	 FAME	properties	 of	 the	 local	D.	 armatus	
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8 APPENDIX	
Appendix	A		
Forward	16S	rDNA	sequence	read	of	Synechocystis	PCC603	958	bp	
AGCTACACATGCAGTCGACGGAGTTCTTCGGACTTAGTGGCGGACGGGTGAGTAACACGTGAGAACC
TACCTTCAGAATGGGGACAACAGTTGGAAACGACTGCTAATACCCAATGTGCCGAAAGGTGAAAGATT
TATCGTCTGAAGATGGGCTCGCGTCTGATTAGCTAGATGGTGGGGTAAGAGCCTACCATGGCAACGAT
CAGTAGCTGGTCTGAGAGGATGAGCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAG
GCAGCAGTGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGGAAG
GTCCTTGGATTGTAAACCTCTTTTATCAGGGAAGAAGTTCTGACGGTACCTGATGAATAAGCATCGGCT
AACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCAAGCGTTATCCGGAATTATTGGGCGTAAAG
CGTCCGTAGGTGGTTATGCAAGTCTGCCGTTAAAGAATGGAGCTTAACTCCATAGGAGCGGTGGAAAC
TGCAAGACTAGAGTACAGTAGGGGTAGCAGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGG
GAAGAACATCGGTGGCGAAAGCGTGCTACTGGGCTGAAACTGACACTGAGGGACGAAAGCTAGGGT
AGCGAAAGGGATTAGATACCCCTGTAGTCCTAGCCGTAAACGATGGATACTAGGCGTGGCTTGTATCG
ACCCGAGCCGTGCCGAAGCTAACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAAGTGTGAAAC
TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGATGCAACGCGAAGA
ACCTTACCAAGGCTTGACATCCCTGGAATCCTGCGGAAACGTGGGAGTGCCTTAGGGAGCCAGGAGA
CAGGT.	
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Reverse 16S	rDNA	sequence	read	of	Synechocystis	PCC603	959	bp	
	
CTTCGGCGCCCTCCTCCCTAGGTTAGAGTAACGACTTCGGGCGTGACCAGCTCCCATGGTGTG
ACGGGCGGTGTGTACAAGGCCCGGGAACGAATTCACCGCAGTATTCTGACCTGCGATTACTA
GCGATTCCTCCTTCATGCAGGCGAGTTGCAGCCTGCAATCTGAACTGAGGCCGGGTTTGATG
GGATTCGCTTACTCTCGCGAGCTCGCTGCCCGTTGTCCCGACCATTGTAGTACGTGTGTAGCC
CAAGGCGTAAGGGGCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAG
TCTCTCTAGAGTGCCCAACTTAATGATGGCAACTAAAAACGAGGGTTGCGCTCGTTGCGGGA
CTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCACCACCTGTCTCCTGGCTCCC
TAAGGCACTCCCACGTTTCCGCAGGATTCCAGGGATGTCAAGCCTTGGTAAGGTTCTTCGCGT
TGCATCGAATTAAACCACATACTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCA
CACTTGCGTGCGTACTCCCCAGGCGGGATACTTAACGCGTTAGCTTCGGCACGGCTCGGGTC
GATACAAGCCACGCCTAGTATCATCGTTTACGGCTAGGACTACAGGGGTATCTAATCCCTTTC
GCTACCCTAGCTTTCGTCCCTCAGTGTCAGTTTCAGCCCAGTAGCACGCTTTCGCCACCGATGT
TCTTCCCAATATCTACGCATTTCACCGCTACACTGGGAATTCCTGCTACCCCTACTGTACTCTAG
TCTTGCAGTTTCCACCGCTCCTATGGAGTTAAGCTCCATTCTTTAACGGCAGACTTGCATAACC
ACCTACGGACGCTTTACGCCCAATAATTCCGGATAACGCTTGCATCCTCCGTATTACCGCGGCT
G	
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Appendix	B		
	
Forward	18S	rDNA	sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	512	bp		
	
CAGTTAAAGCTCGTAGTTGGATTTCGGGTGGGTTCTAGCGGTCCGCCTATGGTGAGTACT	
GCTATGGCCTTCCTTTCTGTCGGGGACGGGCTTCTGGGCTTCACTGTCCGGGACTCGGAG	
TCGACGTGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGCTTACGCCAGAATACTTT	
AGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGGAGTAAT	
GATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGGATT	
TATGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGA	
AAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCATAAACGATGCCGAC	
TAGGGATTGGCGAATGTTTTTTTAATGACTTCGCCAGCACCTTATGAGAAATCAAAGTTT	
TTGGGTTGCGGGGAAGTAT	
	
	
Reverse	18S	rDNA	sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	509	bp	
	
TAGGGCTGGCGAGTCATTAAAAAAACATTCGCCAATCCCTAGTCGGCATCGTTTATGGTT	
GAGACTACGACGGTATCTAATCGTCTTCGAGCCCCCAACTTTCGTTCTTGATTAATGAAA	
ACATCCTTGGCAAATGCTTTCGCAGTAGTTCGTCTTTCATAAATCCAAGAATTTCACCTC	
TGACAATGAAATACGAATGCCCCCGACTGTCCCTCTTAATCATTACTCCGGTCCTACAGA	
CCAACAAGATAGGCCAGAGTCCTATCGTGTTATTCCATGCTAAAGTATTCTGGCGTAAGC	
CTGCTTTGAACACTCTAATTTACTCAAAGTAACCACGTCGACTCCGAGTCCCGGACAGTG	
AAGCCCAGAAGCCCGTCCCCGACAGAAAGGAAGGCCATAGCAGTACTCACCATAGGCGGA	
CCGCTAGAACCCACCCGAAATCCAACTACGAGCTTTTTAACTGCAACAACTTAAATATAC	
GCTATTGGAGTGAAATTT	
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Appendix	C		
	
Forward	ITS1		sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	996	bp	
	
TAGCCATGCATGTCTAAGTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAA	
TCAGTTATAGTTTATTTGGTGGTACCTTCTTACTCGGAATAACCGTAAGAAATTTAGAGC	
TAATACGTGCGTAAATCCCGACTTCTGGAAGGGACGTATATATTAGATAAAAGGCCGACC	
GGGCTCTGCCCGACCCGCGGTGAATCATGATATCTTCACGAAGCGCATGGCCTTGTGCCG	
GCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCTACCA	
TGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGG	
CTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGATACGGGGAGGTA	
GTGACAATAAATAACAATACCGGGCATTTCATGTCTGGTAATTGGAATGAGTACAATCTA	
AATCCCTTAACGAGGATCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCA	
GCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTG	
GGTTTCAGCGGTCCGCCTATGGTGAGTACTGCTGTGGCCTTCCTTACTGTTGGGGACCTG	
CTTCTGGGCTTCATTGTCCGGGACAGGGATTCAGCATGGTTACTTTGAGTAAATTGGAGT	
GTTCAAAGCAGGCTTACGCCGTGAACATTTTAGCATGGAATAACATGATAGGACTCTGCC	
CTATTCTGTTGGCCTGTAGGAGTGGAGTAATGATTAAGAGGAACAGTCGGGGGCATTCGT	
ATTTCATTGTCAGAGGTGAAATTCTTGGATTTATGAAAGACGAACTACTGCGAAAGCATT	
TGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATAC	
CGTCGTAGTCTCAACCA	
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Reverse		ITS1		sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	919	bp.	
	
TCATCCTTCCTATGTCTGGACCTGGTAAGTTTTCCCGTGTTGAGTCAAATTAAGCCGCAG	
GCTCCACGCCTGGTGGTGCCCTTCCGTCAATTCCTTTAAGTTTCAGCCTTGCGACCATAC	
TCCCCCCGGAACCCAAAAACTTTGATTTCTCTCAAGGTGCTGACGGAGTCATGCAAAAAC	
GTCCGCCAATCCCTAGTCGGCATCGTTTATGGTTGAGACTACGACGGTATCTAATCGTCT	
TCGAGCCCCCAACTTTCGTTCTTGATTAATGAAAACATCCTTGGCAAATGCTTTCGCAGT	
AGTTCGTCTTTCATAAATCCAAGAATTTCACCTCTGACAATGAAATACGAATGCCCCCGA	
CTGTTCCTCTTAATCATTACTCCACTCCTACAGGCCAACAGAATAGGGCAGAGTCCTATC	
ATGTTATTCCATGCTAAAATGTTCACGGCGTAAGCCTGCTTTGAACACTCCAATTTACTC	
AAAGTAACCATGCTGAATCCCTGTCCCGGACAATGAAGCCCAGAAGCAGGTCCCCAACAG	
TAAGGAAGGCCACAGCAGTACTCACCATAGGCGGACCGCTGAAACCCACCCGAAATCCAA	
CTACGAGCTTTTTAACTGCAACAACTTAAATATACGCTATTGGAGCTGGAATTACCGCGG	
CTGCTGGCACCAGACTTGCCCTCCAATGGATCCTCGTTAAGGGATTTAGATTGTACTCAT	
TCCAATTACCAGACATGAAATGCCCGGTATTGTTATTTATTGTCACTACCTCCCCGTATC	
AGGATTGGGTAATTTGCGCGCCTGCTGCCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCT	
CCCTCTCCGGAATCGAACCCTATTCCTCCGTCACCCGTTACCACCATGGTAGG	
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Appendix	D		
	
Forward	ITS2		sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	950	bp	
	
GAGAGTTCATTAAACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGC	
CATGCGGATGTCAGTCTTAAAAGGACTGGCAAGTGGGAACGAATGTATATTCTTTCCTGC	
AAGACTGTCAAATTGCCGGAACATCCTGTTAGGCCACTGGTACCGCCCTCTCTAGGAAAC	
TAGGTTGTGGCACCGTAGGGAAACTTGCGGGTATGGTAAAAATCCAGTGGATAGGGACAA	
TCGGCAGCCAAGCCCTAAGGGTAAGCAATTACCTACGGGTGCAGTTCACAGACTAAATGG	
CAGTCGGCTGGCCTGACGGCTGGCTTAAGATATAGTCGGGCCCTACCGAGAGGTAGCCTA	
TAAGAGGACGGCACTTGTGCTTGAGAGCTTATAGGAGGTTGGGTAATACTTATTGCCGTA	
AGGCATTAAGGGCTGCTGAACAGTGGCCTCAAACCTGGAGTAACCGAGGTGAACCTGCGG	
AAGGATCATTGAATATGCAAACCACAACACGCACTCTTTTATTTGTGTACCGACGTTAGG	
TCATAACCTTAACCCGGTTTGGCCTACTAACCTACACACACCATTGACCAACCATTGATT	
AAACCAAACTCTGAAGTTTCGGCTGCTGTTAATCGGCAGTTTTAACGAAAACAACTCTCA	
ACAACGGATATCTTGGCTCTCGCAACGATGAAGAACGCAGCGAAATGCGATACGTAGTGT	
GAATTGCAGAATTCCGTGAACCATCGAATCTTTGAACGCATATTGCGCTCGACTCCTCGG	
AGAAGAGCATGTCTGCCTCAGCGTCGGTTTACACCCTCACCCCTCTTCCTTTTCAAGGAA	
GCTTGTCGTGCTTGCTCAAGCCGGCATCAGGGGTGGATCTGGCCCTCCCAATCGGATTCA	
CTTTCAGTTGGGTTGGCTGAAACACA	
	
Reverse		IT2			sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	1058	bp	
		
TAAGCGCGAGCTTACGGGGTTCTCACCCTCTCTGACGCCCCTTTCCAGGAGACTTTAGCT	
CGGCCCGTTGCAGAGGGTACTTCTATAGACTACAATTCTCCAAGGGAGATTTACAAGTTG	
GGCTTTGCGCGGTTCGCTCGCCGTTACTAAGCGCATCCTTGTTAGTTTCTTTTCCTCCGC	
TTAGTGATATGCTTAAGTTCAGCGGGTAGCCTTGCCTGAGCTCAGGTCGAATACAGAGAT	
ACGCGCCAGAGACGCGTTTCCTGCTTGGCTCCTAACCAGGTCCTCAGACACAACTTCGTG	
TAGGCACCCGAGGGTGTTGCTACCTATCCAGTTGAGCCCGAATCGGGTCCCAGTTTAAGC	
CTCTGTGCTTCAGCCAACCCAACCGAAAGTGAATCCGATTGGGAGGGCCAGATCCACCCC	
TGATGCCGGCTTGAGCAAGCACGACAAGCTTCCTTGAAAAGGAAGAGGGGTGAGGGTGTA	
AACCGACGCTGAGGCAGACATGCTCTTCTCCGAGGAGTCGAGCGCAATATGCGTTCAAAG	
ATTCGATGGTTCACGGAATTCTGCAATTCACACTACGTATCGCATTTCGCTGCGTTCTTC	
ATCGTTGCGAGAGCCAAGATATCCGTTGTTGAGAGTTGTTTTCGTTAAAACTGCCGATTA	
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ACAGCAGCCGAAACTTCAGAGTTTGGTTTAATCAATGGTTGGTCAATGGTGTGTGTAGGT	
TAGTAGGCCAAACCGGGTTAAGGTTATGACCTAACGTCGGTACACAAATAAAAGAGTGCG	
TGTTGTGGTTTGCATATTCAATGATCCTTCCGCAGGTTCACCTCGGTTACTCCAGGTTTG	
AGGCCACTGTTCAGCAGCCCTTAATGCCTTACGGCAATAAGTATTACCCAACCTCCTATA	
AGCTCTCAAGCACAAGTGCCAGTCCTCTTATAGGCTACCTCTCGGTAGGGCCCGACTATA	
TCTTAAGCCAGCCGTCAGGCCAGCCGACTGCCATTTAGTCTGTGAACTGCACCCGTAGGT	
AATTGCTTACCCTTAGGGCT	
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Appendix	E		
	
Forward	5.8S	rDNA			sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	868	bp	
	
GACGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGA	
TTAGATACCGTCGTAGTCTCAACCATAAACGATGCCGACTAGGGATTGGCGGACGTTTTT	
GCATGACTCCGTCAGCACCTTGAGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTATGG	
TCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGG	
CTTAATTTGACTCAACACGGGAAAACTTACCAGGTCCAGACATAGGAAGGATTGACAGAT	
TGAGAGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTG	
TCTTGTCAGGTTGATTCCGGTAACGAACGAGACCTCAGCCTTTAAATAGTCACGGTCGCT	
TTTTGCGGTTGGTTTGACTTCTTAGAGGGACAGTTGGCGTTTAGTCAACGGAAGTATGAG	
GCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGATGC	
ATTCAACAAGCCTATCCCTAGCCGAAAGGCTCGGGTAATCTTTGAAACTGCATCGTGATG	
GGGATAGATTATTGCAATTATTAGTCTTCAACGAGGAATGCCTAGTAAGCGCAATTCATC	
AGATTGCGTTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTACCGATTGG	
GTGTGCTGGTGAAGTGTTCGGATTGGCAATTATCGGTGGCAACACTGTCGATTGCCGAGA	
AGTTCATTAAACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGCCAT	
GCGGATGCCAGTC	
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Reverse		5.8S	rDNA			sequence	read	of	undefined	Pond	water	samples	(later	defined	as	
Desmodesmus	armatus)	990	bp	
	
GCACTGTTCAGCAGCCCTTAATGCCTTACGGCAATAAGTATTACCCAACCTCCTATAAGC	
TCTCAAGCACAAGTGCCGTCCTCTTATAGGCTACCTCTCGGTAGGGCCCGACTATATCTT	
AAGCCAGCCGTCAGGCCAGCCGACTGCCATTTAGTCTGTGAACTGCACCCGTAGGTAATT	
GCTTACCCTTAGGGCTTGGCTGCCGATTGTCCCTATCCACTGGATTTTTACCATACCCGC	
AAGTTTCCCTACGGTGCCACAACCTAGTTTCCTAGAGAGGGCGGTACCAGTGGCCTAACA	
GGATGTTCCGGCAATTTGACAGTCTTGCAGGAAAGAATATACATTCGTTCCCACTTGCCA	
GTCCTTTTAAGACTGACATCCGCATGGCTACGGAAACCTTGTTACGACTTCTCCTTCCTC	
TAGGTGGGAGGGTTTAATGAACTTCTCGGCAATCGACAGTGTTGCCACCGATAATTGCCA	
ATCCGAACACTTCACCAGCACACCCAATCGGTAGGAGCGACGGGCGGTGTGTACAAAGGG	
CAGGGACGTAATCAACGCAATCTGATGAATTGCGCTTACTAGGCATTCCTCGTTGAAGAC	
TAATAATTGCAATAATCTATCCCCATCACGATGCAGTTTCAAAGATTACCCGAGCCTTTC	
GGCTAGGGATAGGCTTGTTGAATGCATCAGTGTAGCGCGCGTGCGGCCCAGAACATCTAA	
GGGCATCACAGACCTGTTATTGCCTCATACTTCCGTTGACTAAACGCCAACTGTCCCTCT	
AAGAAGTCAAACCAACCGCAAAAAGCGACCGTGACTATTTAAAGGCTGAGGTCTCGTTCG	
TACGGGGAATCAACCTGACAAGACAACCCACCAACTAAGAACGGCCATGCACCACCACCC	
ATAGAATCAAGAAAGAGCTCTCAATCTGTCAATCCTTCCTATGTCTGGACCTGGTAAGTT	
TTCCCGTGTTGAG	
